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Summary
This research aims to investigate the rate dependent response of adhesively
bonded structures and to simulate their response. Experimental material data
for the adhesive system (LMD1142) were collected by means of carrying out
two types of tests: bulk tensile tests and thick adherends shear tests (TAST).
The results obtained characterised the adhesive as a hydrostatic rate
dependent adhesive system with a unique stress-strain rate relation. Validation
joint testing has been carried out on instrumented single lap joints, varying
parameters such as adhesive thickness, overlap length and substrate thickness.
Shear strain measurement by means of video microscopy provided a visual
means to explore the deformation of the bond line behaviour along the overlap
length and it identified the transition between uniform shearing and localised
shear yielding in the adhesive. Key findings from single lap joint tests indicate
that the load sustained by the joint increases as the bond line thickness
decreases and lowering the overlap length reduces the rate effects in the joint.
Moreover, the increase of strain rate results in an increase in the sustained
stress while the reduction of substrate thickness reduces the level of stress.
Three material models for finite element analysis were investigated. Rate
dependent von Mises plasticity does not account for hydrostatic sensitivity and
thus could not fully predict the response of TAST joints using bulk tensile data.
The use of generalised plane strain elements in conjunction with the rate
dependent von Mises plasticity model were investigated. No significant
difference was observed when compared to the conventional plane strain
elements. A material model based on Raghava plasticity could accommodate
the observed hydrostatic sensitivity but encountered convergence problems.
Finally, a user-defined, hydrostatically sensitive model was found to predict the
response of TAST joints with a better accuracy than even the Raghava model
and did not encounter any convergence problems. Despite its success in
predicting the response of both experimental bulk tensile and TAST joint data,
the user-defined model could not fully predict the response of single lap joints.
Rate dependent von Mises plasticity was found to give a better prediction of the
experimental single lap joint data. Finally, a design zone that might serve as a
criterion for joint strength was determined.
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CHAPTER ONE
Introduction
1.1 Background 
The use of adhesive materials can be traced back to the beginning of
civilisation. The build up of complex structures from simple materials is one
thing the human race will continue to do. Using adhesive materials as a means
for assembly is expanding in industry due to its technological and economical
advantages. It is being accepted as an alternative to welding, riveting and other
traditional metal joining processes. Thus, interest in adhesion, both fundamental
science and the applied technology, is an ever-developing field of interest.
Furthermore, the use of adhesives has increased widely in more technically
demanding applications than ever, which has lead to the development and
creation of various types of adhesive systems. As a result a large amount of
published research work has tackled various aspects of issues related to
adhesives.
Generally speaking, structural adhesive bonding involves the joining of
substrates with adhesives. This raises different problems that require
investigation. These problems involve the geometry of the adherends, the
preparation of the substrate surfaces, the application and curing of the
adhesive, and the performance of the adhesively bonded joint.
To create efficient and cost effective bonded joints, it is important to provide
effective tools for the design of joints. The accurate simulation of the response
of bonded joints is one essential tool for design that will be addressed in this
work.
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Substantial work has been reported for rate independent adhesives, thus there
is a need to address the performance of rate dependent bonded structures
under common service loads, such as creep and creep fatigue.
1.2 Methodology
This research aims to investigate the rate dependent response of adhesively
bonded structures and to simulate their response. To achieve this the research
will cover four main areas: adhesive material characterising; material modelling;
joint testing; and joint modelling. The suggested steps to follow when carrying
out this work are:
1. Characterising the bulk properties of the used adhesive system. This is
achieved by carrying out a series of bulk material tests. Basic material
properties such as the elastic modulus can then be found.
2. More detailed characterisation of the adhesive material is required. The
properties under shear stress conditions must also be measured. The
behaviour of bulk properties as a function of both temperature and strain
rate is investigated for both the bulk properties and the detailed
characterisation of the adhesive.
3. Bulk properties of the steel substrates need also to be identified. Elastic-
plastic behaviour and effects of rate are investigated.
4. Validation joint testing is also required. Tests on instrumented single lap
joints are required. Parameters such as adhesive thickness, overlap
length and substrate thickness are varied and thus a wide set of data is
provided.
5. Material data are then processed in order to generate data for use in
FEA. Empirical relations of stress and strain as a function of strain rate
are required.
6. Different material models are then assessed. The predicted response is
compared to the experimental data for both bulk tensile and shear data.
A material model is then selected for further analysis.
7. FE analysis of a bonded structure (single lap joint) is then carried out
with the selected material model. The predicted response of different
joint configurations is compared to the experimental one.
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8. A suitable design technique to assess joint strength is then deduced
based on the FE analysis and experimental work.
1.3 Overview of the content
The principal objective of this research is to characterise the rate response of
adhesively bonded structures. The contribution this research makes to the field
includes:
1. Assessing the current knowledge reported on this field.
2. Collecting experimental data for a typical adhesive system.
3. Generating valuable data on the response of bonded structures to a
range of loading rates. This includes the use of video microscopy to
visually characterise the behaviour of the bond layer.
4. Modelling and simulating the response of rate dependent bonded
structures.
5. Deducing a failure stress/strain value for a bonded structure.
First of all, current knowledge on the subject area is assessed. An up to date
review of the relevant research work is presented in Chapter 2.
In Chapter 3, the manufacturing procedure of test specimens is presented. It
includes details about the manufacturing of flat tensile specimens, Thick
Adherend Shear Test (TAST) specimens, and single lap joints. Assessment and
modifications of the manufacturing techniques, where necessary, are also
presented.
Chapter 4 addresses the experimental material data collection. Test variables
for each type of tests are first presented, then the test apparatus and procedure.
The commissioning of Krieger extensometery, used for TAST joint tests, is
discussed and presented. Finally test results are discussed thoroughly. Bulk
tensile, TAST joint and substrate tension tests are reported in this chapter.
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Experimental joint testing is then shown in Chapter 5. Again, test variables are
explained, and test apparatus and procedure are presented. The procedure for
video microscopy is explained. The effect of test variable on test results is then
discussed.
In Chapter 6, material models for finite element analysis are discussed. Data
from bulk tensile tests is first processed and empirical relations between stress
at various points on the stress-strain curve, and strain rate were derived. Similar
relations were derived for strain as a function of strain rate. The generated
material data is then assessed and used in the rate dependent von Mises
material model. This material model is then applied to both bulk FEA and TAST
FEA. Generalised plane strain problems and the analysis of a 3D TAST joint
model is addressed in the same chapter. A Raghava rate dependent material
model is then outlined. The determination of material parameters for this model
is carried out and then the model is used in FE analysis of bulk tensile and
TAST specimens. Finally, a user defined material model is presented. The
mathematical formulation for this model and the determination of material
parameters are outlined.
The analysis of single lap joints is discussed in Chapter 7. The material model
for substrates is outlined first, followed by the FEA of the joints using the user
defined and the rate dependent von Mises models. The application- of the rate
dependent von Mises model to different joint configurations is discussed.
Finally, general discussion and possible areas of future work are outlined in
Chapter 8 of this thesis.
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CHAPTER Two
Literature
Review
2.1 Introduction 
The increasing interest in the application of adhesive bonding has led to
numerous research works. Several aspects of adhesive bonding have been
addressed and thus a vast number of relevant literature exists. Areas such as
surface treatment, mechanisms of adhesion, mechanical behaviour of adhesive
joints, damage mechanisms, durability, fatigue and failure criteria, are among
the many areas that are covered by the literature. For a broader overview of the
subject area, the reader is directed to textbooks such as "Adhesion and
adhesives" [1], "Adhesion and adhesives science and technology" [2] and
"Structural adhesive joints in Engineering" [3]. Many more textbooks on this
subject are available. Only aspects that are most relevant to this work will be
considered in this review.
To successfully characterise the rate dependent response of adhesively bonded
structures, which is the aim of this work, the mechanical behaviour of the
adhesive system in its bulk form and in bonded joints should be investigated. In
this chapter, research work addressing the mechanical behaviour of adhesive
systems will be covered first. This includes experimental work, material models
and FE modelling of adhesive behaviour. Then the response of adhesively
bonded joints will be addressed. Both experimental and FE modelling will be
covered. Finally, failure criteria will be outlined as relevant to this work.
Most of the work reviewed is related to rate dependent adhesive materials;
however, some relevant work that is more general in nature has been included.
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2.2 Material behaviour
In polymeric adhesives, the yield and post-yield response generally depends on
the hydrostatic component of the stress and thus, material data under two
different states of stress is thus required to determine the parameters that
define the yield behaviour of such a material.
Several authors have addressed adhesive material behaviour in their research
work. Both experimental work and numerical modelling have been undertaken.
2.2.1 Experimental work
Adhesive constitutive data is essential for developing appropriate material
models that in turn can be used to predict the response of bonded structures. In
general, specimens of bulk adhesive are normally tested to obtain these data
under tensile conditions. However, the testing of an adhesive in its bulk form
may not give an accurate prediction of its thin layer behaviour in a bonded joint
and thus, bonded joints should be also used to test the adhesive behaviour [4].
Research works on various adhesive systems have revealed the rate,
temperature and hydrostatic sensitivity of the adhesive properties C5, 6, 7', 9,10,
12, 15, 16]. In a couple of research works [5,6] tests have been carried out
using a two-part, cold cured unfilled epoxy with strain rates of 0.02%/min,
1%/min and 50%/min using a flat tensile test specimen. A 5-decade increase in
the strain rate resulted in increasing the ultimate stress as presented in figure
2.1. Temperature sensitivity of the adhesive properties was investigated by
carrying out temperature controlled tests, at 15°C and 25°C, at a strain rate of
1%/min. A decrease in yield stress with increasing temperature was evident.
Measurement of Poisson's ratio showed that it was effectively constant when
plotted against uniaxial strain, with a value of 0.395.
The compressive-to-tensile ratio of flow stresses for the same adhesive was
determined by carrying out a four-point bend test. The results showed an
evidence of hydrostatic sensitivity; the ultimate stress in tension was
substantially lower than for a similar test in compression.
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20
—A— 2-part, cold cured epoxy,
room temp.
o
0.01	 0.1	 1
	
10
	
100
Strain rate (%/min)
Figure 2.1: Logarithmic dependence of shear stress on strain rate [5,6].
Since the yield in polymeric adhesives is dependent on the hydrostatic
component of stress, it is necessary to obtain material data under two different
states of stress, i.e. tensile and shear, or tensile and compression in order to
determine the parameters that define the yield behaviour of a material sensitive
to pressure [7]. Furthermore, and as mentioned earlier, tests should be carried
out on bonded joints to give a more accurate prediction of the adhesive thin
layer behaviour.
Shear properties of the bonded structure can be obtained by carrying out tests
using the conventional lap shear specimen. However, the deformation of the
adherends and the rotation of the overlap create a complex adhesive stress
pattern, thus, making it inappropriate to generate shear properties of the
adhesive itself. If the overlap length is decreased and the adherend thickness is
increased, the rotation and adherend compliance can then be almost eliminated
[4]. Hence, by using the thick adherend shear test (TAST) specimen, the shear
properties of the adhesive can be effectively isolated. The shear strain in the
adhesive is derived from a measurement of the relative displacement of the
adherends, which is in turn measured using extensometers. For this purpose,
the KGR-1 extensometer (figure 2.2) was developed to measure of the shear
movement of the bond line [8].
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The movement of the joint displaces the core of in a linear variable differential
transformer (LVDT). Two instruments were used to eliminate errors from
unsymmetrical specimens. Both instruments are held on the specimen by being
attached to each other by springs, which in turn cause the steel points of the
extensometers to grip to the specimen and thus support each other.
Figure 2.2: The KGR-1 extensometer, LVDT: linear variable differential transformer [8].
The shear stress-shear strain behaviour of the film adhesive FM73 at room and
elevated temperatures was investigated using a TAST specimen [9,10]. First,
an FE analysis of a TAST joint was carried out assuming elastic adhesive
deformation. Results showed that the relatively stiff adherends produce an
elastic shear stress distribution that approaches pure shear over the central
region of the joint (figure 2.3).
When tests are carried out under crosshead control, the crosshead
displacement dissipates in the shear displacement of the adhesive and the
stretching of steel adherends. As the adhesive is deforming elastically, both
components of the crosshead displacement are non-zero, but once the
adhesive begins to deform plastically, the second component reduces. Then all
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further deformations occur in the adhesive. This is when the shear displacement
rate of the adhesive increases to reach the value of the crosshead speed as
illustrated in figure 2.4. It is thus concluded that tests carried out at constant
crosshead speed reach a constant strain rate in the final part of the tests.
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Figure 2.3: Normalised shear and peel stress versus normalised distance in the thick adherend
test specimen [10].
crosshead rate = 0.2 mm/min.
,
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Figure 2.4: Strain/time plot for crosshead control [10].
Tests were carried out at strain rates of 0.01, 0.1, 1 and 10 %/sec at both room
temperature and at 60 °C. Shear strain was measured using the KGR-1
extensometer, which also provided a signal for the strain control unit in the test
machine. Results extracted from this work are presented in figure 2.5. Strain
rate dependency is evident, however, by comparing the slopes of the curves in
figure 2.1 and 2.5, the level of this dependency for the FM73 adhesive system is
000
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less than that reported earlier in figure 2.1 for the two-part cold cured adhesive.
The figure also shows that the yield stress varies logarithmically with strain rate
according to the Eyring's viscous flow model [11].
Figure 2.5: Logarithmic dependence of shear stress on strain rate [9,10].
At elevated temperature, the yield stress of the adhesive was found to be
considerably lower than that at room temperature. Results from this work also
showed that the shear modulus of the adhesive at elevated temperature is
marginally lower than that measured at room temperature. Furthermore, it was
evident that the shear modulus was weakly rate-dependent. This suggests that
the shear deformation behaviour of the adhesive is more strongly viscoplastic.
Experiments under various combinations of tension, compression and shear
were carried out to determine the yield locus of FM73 [12]. The losipescu test
specimen (figure 2.6) was used to evaluate the yield behaviour in the presence
of combined stresses; when a compressive load P., is applied at an angle a to
the longitudinal axis of the bond line (figure 2.7), a biaxial stress state
subsequently develops in the adhesive bond line: tensile stress, ax = 13„,51ncidA
and shear stress, txy =- Pacosa/A, where A is the bond line area.
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2H- 10, W = 20, B = 6.3, L = 50, / = 45, tA = 0.2.
All dimensions are in millimetres.
Figure 2.6: losipescu test specimen [14
P. sin(a)
Figure 2.7: losipescu test specimen under combined loading [12].
Results from this work showed that the plastic yielding of the adhesive exhibits
a complex dependence on the hydrostatic stress, especially in the compression
regime.
The knowledge of adhesive properties such shear modulus is quite important
for the design process. Shear modulus calculation from bulk tensile tests can be
carried out using the constitutive equation for an isotropic material relating
tensile modulus and Poisson's ratio to shear modulus. Alternatively, the in-situ
shear modulus can be found from test data on a sandwich beam loaded in 3-
point bending (figure 2.8) or by carrying out torsion tests on bonded cylinders
[13].
Figure 2.8: Geometry of a bonded beam in 2-point bending [13].
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Expressions for calculating the elastic in-situ shear modulus of the adhesive
layer from compliance data on the sandwich beam were derived. The shear
modulus value measured in that method was in agreement with that calculated
from torsion tests. However, the shear modulus value as calculated using the
constitutive equation was higher than the in-situ value and thus, it was
suggested that the 3-point bend test is a better method for determining the
shear modulus.
The measurement of shear property data needed for design by carrying out
several experimental methods was investigated [14]. While it is difficult to
measure the very small displacements of the adhesive with accuracy and
reliability in bonded joint specimens, this is not a matter of concern when bulk
specimen tests are carried out. Nevertheless, there is concern whether the
structure and properties of the bulk adhesive are the same as the material in a
joint. Torsion, notched beam shear (losipescu) and notched plate shear (Arcan)
tests were carried out for the bulk specimens while thick adherend shear
(TAST), Arcan joint and butt joint torsion tests were carried out for joint
specimens. The obtained results (figure 2.9) show that the response of the
TAST joint is comparable to that of the bulk torsion specimen. The latter has the
advantage of having a state of near pure shear in the test specimen and thus
accurate values of the shear properties can be obtained. Thus these tests are
recommended for obtaining the shear properties of the adhesive.
An attempt to find out whether bulk adhesive tensile properties could be
correlated in a reasonable way to the shear behaviour was undertaken [15].
Tests results showed rate dependency, and it was concluded that strength
versus rate tests in bulk produces accurate and predictable time dependence.
However, tensile data doesn't predict the highest possible shear stresses and
strains that can be obtained from the bulk shear specimens. Comparisons
between bulk tensile, bulk shear and bonded shear data showed that only the
elastic behaviour is common to all three tests.
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Figure 2.9: Comparison of stress/strain curves for the 1-part epoxy obtained by different test
methods [14].
On a different track of research, the influence of the surface condition of the
substrates on joint strength was investigated [17]. Four different steel sheet
substrates were used to make up sandwich joint specimens. Each joint was
then fixed to rigid supports and then the whole assembly was inserted between
the two bars of a Hopkinson pressure bar [17] and tested under a high (impact)
rate of strain. It was evident that the mechanical properties of the steel sheets
did not influence the fracture behaviour of the adhesive joint, moreover, the
surface state appeared to be the only factor that makes a difference between
the types of substrates, which consequently might influence the failure process
of a joint. Roughness of the substrate causes the mechanical interlocking of the
adhesive into the irregularities of the substrate surface and the variation of
surface roughness causes to change the contact area between the substrate
and the adhesive. Results from this work indicated that the shear strength of the
adhesive joint is maximal when the substrate possesses an optimum surface
morphology. This is related to the average roughness, width of valleys and the
dominance of valleys or peaks.
More work on high strain rates was carried out on bulk adhesive and adhesive
joint specimens [18]. Specimens were tested in the form of single-edged
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notched three-point bend specimen under impact loading. Values of the fracture
energy were found by using the data from that test together with a linear-elastic
fracture mechanics approach. These values were found to be the same for both
the bulk specimen and adhesive joints. Furthermore, it was found that the
fracture energy under impact loading is significantly lower compared to the
slower rate tests.
The work reviewed so far revealed the rate dependent behaviour of several
adhesive systems according to the Eyring's viscous flow model, furthermore,
hydrostatic sensitivity was evident which requires collection of material data
under two different states of stress. Usage of TAST joint specimens to measure
the shear properties of an adhesive system was shown to be a better method
than using conventional lap shear specimens.
2.2.2 Material models 
The availability of experimental material data of an adhesive system allows
development of a numerical material model that predicts the behaviour of the
adhesive in its bulk form or even in a joint. Relevant research works that
addressed material models are reviewed next.
The use of a unified constitutive model to predict the behaviour an adhesive
system was investigated [19]. In the unified theory of plasticity, the total strain is
defined as:
stow = &elastic + &plastic	 2.1
Where the time dependent and time independent strain components are
collectively grouped as inelastic strain, R
-plastic . The elastic strain is obtained from
Hooke's law. The temporal evolution of the inelastic strain was given by:
_
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Where au = c5ii - flu and A, D, n are constants to be determined from
experimental results. aii is the deviatoric stress and flu is the back stress vector,
_
with the overstress vector denoted by c. The scalar Z is the drag stress and is
a function of the accumulated inelastic work. It was reported that the time
dependent behaviour of the adhesive FM73 can be adequately modelled using
the unified theory of plasticity, which does not require the definition of a suitable
yield function. The over stress theory is also capable of reproducing the stress
relaxation behaviour and the creep characteristics of the adhesive. In an earlier
work [9], the authors used their unified constitutive model to describe the shear
behaviour at room temperature and at an elevated temperature (using different
material parameters). The proposed model was found to be suitable for
elevated temperatures. The time dependent characteristics were adequately
predicted.
More work on the time dependent mechanical response of the FM73 adhesive
material under different stress levels was carried out [20]. The adopted
approach assumed that the behaviour of FM73 adhesive could be characterised
by the non-linear viscoelastic model of Schapery expressed in equation 2.3
[21,22]
e(t) = foCoao+fi f C(kt, — wi ) d(f2a)	 2.3
dt
where fi , NJ, and xi/ are functions of stress and Co and C are the instantaneous
and transient components of the linear creep compliance.
Schapery's model is based on general thermodynamic principle and has the
advantage of retaining the single time integral form even in the non-linear
range. The non-linear effects were expressed by means of stress dependent
material functions. The non-linear relation involved one function of time and four
functions of stress, and the non-linear viscoelastic characterisation required the
determination of these functions. A satisfactory prediction of the behaviour of
the adhesive FM73 was achieved using the non-linear viscoelastic model.
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An extension to the unified theory developed by Cernocky and Krempl [23] was
carried out to describe the mechanical behaviour of the thermoplastic,
polypropylene [24]. These research workers stated that there are two methods
for defining a constitutive law in a non-linear space of stress and strain. One
method is based on the plastic potential theory, which assumes a yield surface
to which an inelastic strain rate becomes perpendicular. This yield phenomenon
is usually a gradual transition from a linear to a non-linear response, and thus it
is difficult to identify exactly where yielding has occurred. This led to several
different definitions of yield such as the deviation from linearity in the stress-
strain curve and a proof stress corresponding to an arbitrarily determined proof
strain. The other method is based on the overstress theory (equation 2.4),
which successfully predicted the dependency of the yield stress of the
thermoplastic with strain rate, stress relaxation, creep characteristics and cyclic
behaviour of the material.
-a —g(c)
6pI =	 2.4
Ek(a- — g(e))
where, E is the elastic modulus. The function g(e) represents an equilibrium or
back stress-strain response of the material. The difference between the applied
stress and the back stress is called the over-stress. k(a-g(e)) is a viscosity
material property.
The calculation of yield parameters from tensile and shear data rather than from
tensile and compression was addressed [7]. The von Mises yield criterion
implies that the yield behaviour in tension is the same as yield in compression.
This is not applicable for polymers where yield stresses in compression are
higher than in tension. A pressure dependent yield criterion, commonly
implemented by FE packages is the Drucker-Prager criterion [25], given by:
_ Vi(C +1) ./.7- ± (C - 1),_
(TA	 2.5
2C	 11 2	 2C 1
Where l i
 is the first invariant of the stress tensor and C is the ratio of the yield
strength in compression to the yield stress in tension at equivalent effective
plastic strains. The dilation angle ('F), which describes the flow behaviour, is
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also required by the Drucker-Prager model. It is determined from the plastic
Poisson's ratio (vp):
3(1— 2v p )
tan IF - 
	
	 	 2.6
2(1+vp)
For shear and tension, the following relationship holds:
a t = T Y [20 ÷vp)]	 2.7
E P yP
In uniaxial tension, at
 is simply the tensile yield stress and in shear the stress
invariants are: 1 1 = 0 and J2 := T2y, where Ty is the shear yield stress. The tensile
yield stress can be related to the shear yield stress:
a t = Vi(C +1) 	 2.8
2C
The yield parameter, C, is plotted as a function of plastic tensile strain for
several tensile test strain rates as shown in Figure 2.10. For the adhesive LMD
1142 at reasonable levels of strain, the values of C are nearly independent of
strain and there is no significant variation with strain rate.
0	 0.02	 0.04	 006	 008	 0.1	 012	 0.14	 0.16
plastic tensile strain
Figure 2.10: Yield parameters calculated for LMD1142 adhesive at 23°C [7].
Classical theories of elasto-plasticity and creep and also unified theory models
were reviewed [26]. The authors concluded that the rate dependent yielding
elasto-plastic models are more universal than the power law creep models.
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Nonetheless, they were shown to be deficient. It was suggested that unified
theory, visco-plastic models offer much potential.
In an earlier work [27], a unified viscoplastic model was constructed to simulate
the rate and pressure dependent non-linear characteristics of structural
adhesives. The model was applied to the thermoset adhesive FM73 which is a
highly cross-linked, rubber filler modified epoxy adhesive. The overstress
concept and modified von Mises equivalent stress have been shown to be give
good predictions of the experimental results. It was suggested that the model
could be significantly improved by incorporating sophisticated forms for inelastic
strains.
Considerable success has been reported [28] in predicting the rate dependent
response of adhesively bonded joints using a user defined material model that
can be integrated into ABAQUS FE code as a user subroutine. A
multidimensional stress space form of the user model was developed. In this
model, the equivalent plastic strain rate is expressed in terms of the equivalent
stress (aeq), hydrostatic stress (p), and back stress (lab).
. P	 a	 K(a,+1(2(p—as -4 )—ab )
C eci = A[aeq + K2(p	 3--ci ) -ab] e	 3	 (2.9)
3
The back stress, ab, is defined as:
ab = A1 tanh(ki sec') + B1 Seq	 (2.10)
Where the equivalent strain, 6eq, is given by equation 2.11.
_ 12 2	 2	 26ecl — 
1 
i (61 + 62 + 63 )
The equivalent stress, aeq, is given by equation 2.12:
CTEKI = Pial — 13 )2 + (cr2 — IV +(c3 _p)2]2
And the hydrostatic stress, p, is:
p = (ai +cr2+03-3)/3
(2.11)
(2.12)
(2.13)
The material parameters A, A1 , k, 1(1 , k2 and B 1 were found using a quantitative
approach. This user defined model was integrated in the finite element analysis
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code ABAQUS. It is required to provide a value of the equivalent inelastic strain
increment at all the integration points of elements that use the visco-plastic
material. The user routine is provided with data including the equivalent stress,
aeq, the hydrostatic pressure, p, the equivalent creep strain and the time
increment, At. ABAQUS also provides another user routine (USDFLD) that
gives access to various element dependent variables, such as component
stresses, strains, etc. Thus it is possible to access the component principal
strains and hence calculate the equivalent strain. Creep strain complements are
calculated within ABAQUS using a flow law based on the von Mises flow
potential.
2.2.3 Concludinq remarks 
Material behaviour under both creep and constant strain rate has been
reviewed. Bulk tensile tests cannot always simulate the behaviour of the
adhesive in bond line form in an adhesive joint and thus tests on adhesively
bonded joints also should be carried out. The thick adherend shear test (TAST)
method is the most appropriate method for collecting material data in shear
since a nearly pure shear stress state exists across the bond line.
Measurement of shear strain in the bond line is best carried out using the KGR-
1 LVDT extensometer or some similar device.
Rate effects in adhesive materials can be significant and thus material models
that accommodate these effects are developed. Hydrostatic pressure sensitivity
of polymers also requires that experimental data should be collected at two
different states of stress. The most common way is to collect data under tension
and compression. However, this can also be achieved by collecting data under
tension and shear states of stress too.
The Drucker-Prager material model was used successfully to predict the
response of hydrostatic-sensitive adhesives. A user-defined model that can be
integrated in commercial FEA codes was successfully developed to predict the
rate-dependent of bonded structures.
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2.3 Joint data 
Adhesive joints are most commonly used to connect two components together.
To ensure the safety of such joints in structures, it is necessary to have a better
understanding of their behaviour under service loads, i.e. fatigue and creep.
This is achieved by carrying out both experimental work and FE analysis on
typical joint configurations. The reviewed literature covers the experimental
response of bonded joints under creep and monotonic loading together with the
effect of geometry and surface conditions on the performance of bonded joints.
Numerical modelling relevant to this work is also reviewed.
2.3.1 Experimental work-Creep 
The creep behaviour of bonded joints was the subject of many research works.
In one study, creep tests were carried out for three different adhesive systems
under tensile and shear loadings [29]. Napkin-ring type specimens were used
for the shear tests while butt-tensile specimens were used for the tensile tests.
In the napkin-ring type specimens a pure shear force is applied to the adhesive
with no deformation taking place in the adherends. Tests were limited to two
hours and under relatively high creep stresses as prolonged tests involve very
slow creep rates and they would be subject to electronic instrument drift and
temperature instability. The obtained adhesive creep curves were typical in the
manner that they consisted of three regions, an instantaneous strain, a transient
region and nearly steady state region. Rapidly escalating creep rates leading to
failure were not observed.. Creep tests made in tension were characterised by
much less strain than is found in shear for comparable stress levels.
In a different work to study the stress dependence of creep in bonded
adhesives, seven adhesive materials were tested at 49°C using the napkin-ring
type specimens [30]. The strain rate was found not to increase monotonically
with the applied stress. Furthermore, the minimum creep rate for each adhesive
did not occur at the lowest applied stress. Each of the seven adhesives had a
threshold stress. Below which no creep was detected at the displacement
sensitivities used in the tests. This response was suggested to be due to
residual stresses in the adhesive, which arise from differences between the
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thermal expansions of the adhesives and adherends, and thus, the adhesive
might be subjected to an effective stress, which is dependent on the interaction
of the externally applied shear stress and the residual stresses present in the
bond.
The effects of exposure to an elevated temperature or humidly environment
prior to cyclic creep testing of single-overlap bonded joints have been
investigated with the aim of applying the findings to structural joint design [31].
Several adhesive materials were selected for the study (toughened epoxy,
epoxy/acrylic and vinyl/epoxy). They were divided into two groups, one tested
as manufactured while the other was exposed to high temperature and
humidity. Load was ramped up to 11 MPa and then was held for 12 minutes or
failure whichever occurred first. The results showed that varying the maximum
stress for tension-tension loading produces a set of cyclic creep curves similar
to the conventional static creep curves. A small variance in maximum stress
was found to significantly increase minimum creep rate. Minimum creep rate
was found by measuring the slope of the secondary phase of the displacement
versus cycles plot. Furthermore, an increase in the minimum creep rate was
noticed for those joints exposed to higher temperature and humidity prior to
testing.
The effect of adhesive thickness and surface cleanness on creep rupture
performance of adhesive peel and lap-shear joints was also investigated [32].
Three variables were included: the thickness of the adhesive layer, the
cleanness of the rubber surface, and the test specimen configuration. When
tested in shear, thin contaminated specimens failed over the duration of the
experiment while the clean ones did not experience failure. In contrast, all
specimens tested in peel have failed (thin-clean, thin-contaminated and thick-
contaminated). It was reported that the effect of adhesive thickness on
increasing lifetime of the specimen is more significant than the effect of
cleanness.
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2.3.2 Experimental work-Monotonic loading at various rates 
The effect of rate and temperature on joint strength was investigated in a study
that involved several adhesive systems [33]. Tests were carried out on T-peel
specimens made from aluminium adherends bonded by an adhesive. Peel
strength of the joints was reported to depend on the test rate and temperature
as shown in figure 2.11. Furthermore, it was shown that the bond strength is
enhanced marginally when anodisation was carried out while the silane primer
improved the adhesive joint strength remarkably.
The threshold peel strength value obtained by measurements at a low peel rate
and a high test temperature was found to depend on the type of failure during
peeling (cohesive or interfacial) which, in turn, is controlled by the presence of
silica filler in the adhesive being considered. Two different threshold values of
peel strength were obtained: 60 N/m for interfacial failure (in silica-filled
adhesive) and 140 N/m for cohesive failure (in unfilled adhesive).
Log (Peel Rate, mrnimin
Figure 2.11: Plot of peel strength versus log (peel rate) at different test temperatures for
adhesive with 20 phr silica filler [33].
Page 22
2. Literature review
In another work that investigated the effect of rate on joint strength, it was
stated that the main reasons of failure in adhesive joints are the environmental
effects, stress concentration effects, viscoelastic effects and inherent flaws [34].
Two different adhesives were used to make up single lap shear joint specimens.
Experimental results revealed that the effects of rate, time and inherent flaws
are as critical in joint failure as the environmental and stress concentration
effects. Moreover, It was reported that random inherent flaws and loading rate
changes would result in as much as 40% reduction in joint strength.
More work on the structural performance of epoxy systems when subjected to
shear, sustained static load, and in fatigue, was reported [35]. For this purpose,
two types of specimens were used: a steel-steel double lap specimen and a
concrete beam with external steel plate reinforcement. The steel lap joint
specimens were tested in shear by imposing tension on the lap joints. Test
results showed that the shear strength of adhesion to steel was not greatly
affected by slight contamination with rust, dust or moisture. Furthermore, It was
suggested that failure stress increased with curing temperature. The effect of
adhesive layer thickness was explored using concrete beams with steel plates.
It was reported that better performance was achieved with increased adhesive
thickness.
The effect of rate on joint strength was again the subject of another work.
Cleavage strength tests were carried out at different loading rates using a two-
part epoxy resin as an adhesive material with aluminium and brass as
adherends [36]. The joint specimen used is shown in figure 2.12. Results
showed that an increase of test speed leads to an increase in failure load.
Furthermore, the fracture toughness also decreased with the increase of
loading rate exponentially.
An experimental investigation into the magnitude of adherend moment and
predicting the adhesive stress distribution in single lap joints was carried out
[37]. Strain gauges and Moire interferometry were used for that purpose. It was
found that adherend moment distribution measured experimentally was
consistent with those predicted by numerical and theoretical models. Average
Page 23
-.16 1.
2. Literature review
shear stress in the adhesive agreed reasonably with the numerical and
theoretical values. Cohesive failure was observed in the tested specimens.
Furthermore, it was reported that there is experimental evidence that the
adhesive average peel stresses on the free surface were compressive and
extremely three-dimensional, which suggests that one-dimensional or even two-
dimensional numerical models would not be appropriate to predict this
phenomenon. This suggestion will be assessed in this work by carrying out 3D
modelling and comparing the results with those of a 2D model.
1-0-32--0-1
DIMS IN MMS
Figure 2.12: Specimen geometry for cleavage tests [36].
2.3.3 Experimental work-effect of geometry and surface conditions 
The effect of joint geometry on the performance of adhesive joints has been the
subject of many research works too. In one work, the effects of overlap length,
adherend thickness, joint width, and fillet on a thin lap shear joint were
investigated by testing the joints to failure in quasi-static tensile tests [38]. This
joint geometry was chosen because it is much closer to industrial applications
than the thick adherend shear test (TAST) joint. Two adhesives systems were
used to manufacture the joints, AV119 and F241. Unlike the case of adhesive
F241, bond thickness was shown to have little effect on joint strength in the
case of adhesive AV119, which suggests that different adhesive types may be
more, or les sensitive to bond thickness.
The increase of overlap length did not increase the strength of the joints in
proportion. As a result of the investigations carried out, it is suggested that
failure in short overlaps occurs because the joint cannot carry the shear load
applied. In long overlaps, however, the stress concentrators increase at the
overlap ends and failure is propagated due to these concentrators before the
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full shear load is reached. This implies that there is an "optimum" overlap length
for any given adhesive system.
The effect of adhesive fillet on joint strength was different for each adhesive.
Without fillets, the AV119 joints were more rate-sensitive; nevertheless, the
effect of including a fillet was to raise the strength. This was suggested to be
.,
due to an amplified rate hardening effect that delayed initiation in the region of
first failure. However, the effect of fillets was less apparent in the F241 joints.
In a different study of the effect of adhesive layer thickness on joint strength in a
single lap joint configuration it was shown that both the tensile shear bond
strength and the mode of failure of the adhesive are influenced by the thickness
of the bond layer [39,40]. In the case of a thin bond layer, interfacial failure at
the substrate-adhesive interface occurs. For the thick bond layer, both the
adhesive and the substrates are deflected by a bending moment. The joint then
fails cohesively. Furthermore, the findings of this work confirmed that an
optimum thickness of the bond layer exists.
On a different track of research work, the effect of grit blasting on surface
properties for adhesion was studied. It is evident that the grit blasting process
introduces chemical changes on the surface of the substrate and these in turn
affect the surface energy [35, 41]. Furthermore, grit blasting results in an
increase in joint strength when compared to the "as-rolled" surfaces. However,
there was no significant difference in strength between fine and coarse grits.
2.3.4 Numerical modelling
Most of the adhesives used in structural applications exhibit some viscolastic-
visoplastic behaviour, especially at high temperatures and high stress levels
[42]. A finite element model that assumes that the adhesive alone exhibits non-
linear behaviour and that the adherends behave in a linear elastic manner was
employed. It was also assumed that only shear stresses occur in the adhesive.
Three different types of viscoelastic-viscoplastic adhesive models were used; a
three-parameter solid model, a Bingham model and a five-parameter linear and
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non-linear model (figure 2.13). The adherends are modelled as two-dimensional
structures (plane strain assumed).
Gi
7
a) The three-parameter sofid model
T
T
'4111-.. 0.	 NilOrl
	 if
b) The Bingham viscoplastic model
t
.--......
C) The five-parameter viscoelastic-viscoplastic model
T . T, shear stresses G. G, sheer moduli
	 7 . 7 shear grans
Figure 2.13: Adhesive material models for FE analysis [42]
For the three-parameter material model, it was shown that shear stress (FE
results from the single lap joint) is reduced by 40% as time reached infinity and
the corresponding increase in strain level was 94%. Results from the Bingham
model showed that the shear stress is reduced by 50%, down to the yield stress
level as time reached infinity. The corresponding increase in strain level was
only about 30%. Finally, the five-parameter model showed a 50% reduction in
shear stress down to the yield stress level while the increase in strain level was
100%. It was generally found that that stress and strain initially change rather
quickly when a load is applied. Viscoelastic-viscoplastic effects were clearly
present after only few minutes.
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Viscoelastic analyses of adhesive-bonded lap joints have been carried out using
Laplace transform to remove the time variable from the viscoelastic stress
analyses [43]. The associated elastic problem was then solved using the finite
element method and the direct inversion method of Schapery was used to
transfer the solution back into the time domain. However, this method cannot be
applied to non-linear problems. Non-linearity in mechanics arises from two
distinct sources [44], one due to the kinematics of deformation of the body and
the other due to the constitutive behaviour (stress-strain relations). The
analyses in which the first type of non-linearity is considered are called
geometrically non-linear analyses, and those in which the second type is
considered are called materially non-linear analyses. The geometrically non-
linear analyses can be sub-classified according to type of non-linearity
considered. A two-dimensional finite element computational procedure was
developed [45] for analysing the stresses and strains in adhesively bonded
joints. The updated incremental Lagrangian formulation was used to account for
geometric non-linearity, and the non-linear viscoelastic model of Schapery was
used to account for the non-linear constitutive behaviour of the adhesive. The
effect of temperature and stress level on the viscoelastic response was
accounted for by a non-linear shift factor. They validated their model by
comparing the results with analytical and experimental results.
More geometrically non-linear, two-dimensional finite element analysis was
carried out to investigate the stress and strain distribution across the adhesive
bond line thickness of composite single lap joints [46]. Results showed that both
the tensile peel and shear stresses at the bond free edges change significantly
across the adhesive thickness. Both stresses become increasingly higher with
distance from the centreline and peak near but not along the adherend-
adhesive interface. The maximum shear and peel stresses occur near the
overlap joint corner ends, suggesting that cohesive crack initiation is most likely
to occur at the corners.
A viscoplastic stress analysis was carried out for two adhesive systems using a
two-dimensional finite element program, which is based on the elasto-plastic
incremental theory [47]. Experimental creep curves were modelled by using
Page 27
25
A Adhesive 16 w Adhesive 21
-
_
-
NE-11#—*^
iLA--AMIA—AA--"Aaalla641LAjA
t	 1	 i 1o
o 4i 52	 3
Log (time/h)
Figure 2.14: Piecewise linear fit of creep experimental data [47].
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three straight lines (figure 2.14) and thus the creep strain was expressed as
shown in equation 2.14.
cc/a = a. log(t)+b
	 2.14
where a is the uniaxial stress, t is the time (in hours) and a and b are material
constants (different values for each line segment) determined from the
experimental data.
Furthermore, a multi-axial viscoplastic equation was used to describe the creep
strain rates of the adhesives under multi axial stress conditions and then used
in the finite element creep analysis to determine the creep strain rates of the
two adhesives tested. This was tested on a simple plane strain finite element
sample of the adhesives under uniform tensile stress and the numerical results
were shown to exhibit good agreement with the experimental results. A finite
element creep analysis of a TAST specimen was carried out using the program.
Plane strain conditions were assumed and creep in the adherends was
assumed to be negligible. Results showed that creep in the adhesive joint leads
to a reduction in both normal and shear stress peaks.
The time dependence of shear strains and shear stresses due to creep and
relaxation in adhesive bond lines of a TAST specimen was investigated [48].
Two adhesive systems were used in this work, namely, AF126 and FM73. After
measuring the time dependent shear deformation at different shear stresses,
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the time dependent shear strain and the time dependent creep compliance were
calculated. Recovery and relaxation tests were performed as well. Test results
for creep showed non-linear viscoelastic shear strain characteristics. Thus, it
was suggested that the simple spring dashpot models or other simple
mathematical functions would not be appropriate to describe the time
dependent strains in these adhesive bond lines. However, isochronous shear
stress-strain curves determined from creep tests on TAST specimens are
applicable to predict time dependent bond line stresses and strains by
computing methods. This was demonstrated for a double lap shear adhesive
bonded joint under sustained loads.
Viscoelastic analysis techniques are broadly classified into three basic
approaches [49]:
• Quasi-elastic solutions, which uses elastic properties equivalent to the
corresponding viscoelastic properties at the desired time.
• Integral transform technique, which is based on the correspondence
principal, in which the elastic solution is used to obtain the corresponding
viscoelastic solution using the Laplace transform.
• Direct methods, which are based on the finite element theory using either the
differential form or the integral form of stress strain relationships.
A direct formulation for the viscoelastic analysis of adhesively bonded joints
using the finite element method was presented [49]. As the adhesive layer is
very thin compared to the adherends and as the adherend thickness to bond
length ratio is also small, the adhesively bonded joints could be considered to
be plates. Therefore plane strain idealisation is used for the analysis of these
joints. A six-noded quadratic isoparametric element was developed, and two
formulations for the adhesive layer elements were presented. In the first
element formulation, all three stress-strain components of the plane strain
idealisation were used. While in the second formulation, the longitudinal direct
stress was assumed to be zero.
Hereditary integrals were used to represent the stress-strain relations. A usual
eight noded quadratic isoparametric plane strain element was also used to
idealise the adherends. it was found that element formulation 1 is stiff as it used
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the straight forward displacement FEM, while element formulation 2 exhibited a
flexible behaviour and gave lower stress values. By using both element
formulations, results well agreed with the analytical solution of Delale et al. [50].
However, for peel stress it was found that formulation 2 deviated from the
analytical solution. These results are illustrated in figure 2.15. The average of
the two solutions using a moderate mesh was found to be accurate, particularly
for peel stresses.
Figure 2.15: Peel and shear stress in adhesive layer [49]
Furthermore, it was stated that under monotonic loading, the stress-strain
distributions in a bonded joint are such that the strain rate in the adhesive is not
uniform. Thus, models used should handle the strain rate dependence of
properties.
Elastic-plastic models can also be used to model adhesives [51], in the low
strain, linear region, where Hooke's law is applied. For the plastic range, rate
independent plasticity is based on:
1. Yield criteria, which determine the state of stress required for plastic
deformation to occur.
2. Hardening rule, which indicates the material's resistance to further yield while
increasing strain.
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3. Flow rule, which defines the incremental plastic strains as a function of
stress.
Thus, for the yield criterion, the Von Mises yield criterion can be used. However,
there are two forms of pressure dependent criteria; the Drucker-Prager
(presented earlier) and the Raghava criteria. The Raghava criteria is given by:
Co2yt = 3J2 +(C -1) CTyt 11	 2.15
Where I I is the first invariant of the stress tensor and C is the ratio of the yield
stress in compression to the yield stress in tension corresponding to the same
equivalent plastic strain. Further details on this model are given in section 6.5 of
chapter 6.
If the strain rate is not uniform throughout the adhesive, strain dependent yield
could be introduced either by separating the strain and strain rate effects, or by
combining the two dependencies into the material parameters that vary with
strain rate, which is the yield stress. One of those models is the Cowper and
Symonds overstress model [52], which separate the strain and strain rate
effects. This model assumes that the hardening curves corresponding to
various strain rates are similar and could be defined by a single static hardening
curve and a multiplying factor.
Adhesives may not exhibit the same material properties in a joint as they do in
the bulk; there are effects from thickness, mode and rate of loading, and surface
preparation [53]. It was shown that the modified Bingham model allows for a
linear elastic region, a viscoelastic region and also a plastic region. The yield
stress in this model is both rate and time-dependent. The following constitutive
equations define the Bingham model:
y = t /G, for t < 0	 2.16
And,
y = ..r / G + (t - 0)/ p., for 0 < t < TUtt	 2.17
where G is the shear modulus, .t is the viscosity coefficient, 0 is the elastic limit
stress, and Tuft is the ultimate stress. An analytical viscoelastic model was
presented to allow the prediction of stress/strain response of an adhesive from
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zero stress up to and including failure or rupture. The linear viscoelastic method
based on a modified Bingham model was shown to be applicable to tensile data
where lap shear data seemed to be consistent with tensile results.
A general method for characterising structural adhesives in the bonded lap
shear model was proposed [54]. Two approaches were assessed, the semi-
empirical and the theoretical one. The semi-empirical approach included
Ludwik's equations to describe the failure stresses in the constant strain rate
and constant stress loading modes with the inclusion of temperature effects:
Y
Tuft = if + T" log (—)
Y
where Tuft is the ultimate shear stress, r is the initial elastic shear strain rate, t',
t" and ys are material constants. Ludwik's equation was found to provide an
adequate description of the rate-dependent ultimate and elastic limit shear
stresses.
A theoretical approach was used to describe adhesive shear stress-strain
behaviour by Utilising viscoelastic or non-linear elastic constitutive equations
(Bingham model [55]).
[(to – 0)1 
+ —
To
, for t 0 > 0Y =	 2.19
Based on that approach, an empirical extension of Crochet's delayed failure
equations was proposed to account for the effects of high temperature [55]:
T = A + B e(-qcs)	 2.20
where A, B and C are material constants and, Xs = 712v -112E describes the time
history of loading deformation in terms of the viscoplastic and elastic shear
strains yi2v and 112E. An expression for xs can be obtained by subtracting the
elastic shear strain from the proposed creep equation (2.19). This can be done
because delayed failure occurs only in those elements loaded up into the
viscoelastic region. Thus, it gives:
T = A + B e(-c(t-0/0	 2.21
2.18
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The use of Crochet's delayed failure equation with the modified Bingham model
was shown to accurately predict the delayed creep behaviour of FM73 at
different temperatures but with different material constants for each temperature
[56].
The non-linear viscoelastic analysis and the correspondence model were also
investigated [57]. A complete linear-elastic analysis was expected to result in
corner singularities at the locations where the adhesive-adherend interface
intersects the free edge. Due to the elasto-plastic or viscoelastic-plastic nature
of the adhesive material, such high levels of stresses are redistributed to levels
encountered in usual engineering stress concentration cases. Work was
focused on shear stress concentration at the overlap edges. Solutions
describing the time variation of the maximum adhesive shear stress in double
lap joints were presented using the linear correspondence principle, which
provides a closed form solution for the maximum adhesive shear stress.
The general form of the correspondence principle that was adopted states that if
the solution of an elastic problem is known, the Laplace transform of the
solution to the corresponding linear viscoelastic problem may be found by
replacing the elastic constants with their linear viscoelastic counterparts, and
the actual loads by their Laplace transforms. The modified transform was
subsequently inverted to obtain the solution in the time domain. It was assumed
that the correspondence principle based on the Maxwell model and a non-linear
viscoelastic solution involving an iterative scheme could be used to describe the
time dependent variation of the adhesive maximum shear stress in adhesively
bonded double lap joints.
The ability to model and to predict the response of structures joined by
adhesives is not far advanced, particularly when accounting for the effect of
strain rate [58]. Work based on viscoelastic behaviour of polymers has the
drawback that it is based often on linear models. Two ways of modelling the
time dependency of adhesive behaviour were considered, the first was by use
of a time stepping creep equation and the second is by using isochronous
stress-strain curves. For the first method, it was concluded that the use of
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available algorithms in a commercial finite element code might be useful for
analysing adhesive joints subject to sustained loading but are not applicable
when ramped strain rates are applied. The use of isochronous stress-strain
curves, which are derived from experimental data, were shown to be
comparable with material data obtained from constant strain rate tests. The
finite element analysis showed that the adhesive strain energy density at the
point of failure was essentially constant and hence, it was concluded that this
parameter appears to provide a means of predicting the rate-dependent
strength of the range of adhesive joints tested.
More work on the loading rate effects on interfacial and cohesive failure modes
in adhesive joints were reported [59]. A double cantilever beam fracture
specimen was used to investigate the rate dependent failure of model
epoxy/steel adhesively bonded systems. Quasi-static tests exhibited time-
dependent crack growth and the maximum fracture energy consistently
decreased with the bond length for constant crosshead rate loading. It was also
found possible to cause de-bonding to switch between interfacial and cohesive
failure modes by simply altering the loading rate. These rate dependent
observations were characterised using the concepts of fracture mechanics. The
time rate of change of the strain energy release rate, dG/dt, is introduced to
model and predict failure properties of different adhesive systems over a range
of testing rates. An emphasis is placed on the interfacial failure process and
how rate dependent interfacial properties can lead to cohesive and interfacial
failures in the same adhesive system. Specific applications of the resulting
model are presented and found to be in good agreement when compared with
the experimental data. Finally, a failure envelope was identified which may be
useful in predicting whether failures are going to be interfacial or cohesive
depending on the rate of testing for the model adhesive systems.
A general method for characterising structural adhesives in the bonded lap
shear mode was proposed [60]. Experimental data were obtained using four
model adhesives: FM73, FM300, LARC3, and thermoplastic polyimidesulfone.
Ludwik's equation [54] was found to provide an adequate description of the rate
dependent ultimate and elastic limit shear stresses.
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Efforts to provide a simple and cost effective solution procedure for predicting
the strength of adhesively bonded single lap and lap shear joints with non-linear
adhesive properties were undertaken [61]. Following the global/local analysis
procedure developed by Goland and Reissner [75], simple formulas were
obtained for the shear and peel strain energy rates in the bonded joints. The
formulae were in terms of the longitudinal membrane forces and the bending
moments in the adherends. Predicted results using the obtained formulas were
better than the Goland and Reissner predictions.
Further efforts on providing accurate and quick estimates of stress for structural
adhesives were undertaken by other workers [62]. Finite element modelling of
structural joints using a simplified finite element model that uses beam elements
for the substrates and quadrilateral elements for the adhesives was shown to
provide reliable results for a representative range of material properties for
single and double lap joints. A combination of beam and quadrilateral elements
must be used to model more complex joints, including substrate corners. This
method results in a significant reduction of computation efforts.
In most research works, 2D analysis of joints was undertaken and proved to
give accurate results when compared with experimental results. Nonetheless, in
other works, a three-dimensional viscoplastic finite element analysis of
adhesively bonded single joint was carried out [63, 64]. Material and
geometrical non-linearity were accounted for in the analysis. The constitutive
relations for the adhesive were developed using a pressure dependent modified
von Mises yield function. Observations on peel and shear stresses showed
significantly different distributions of stresses from the plain strain analysis away
from the central region. Hence, it was suggested that 3D analysis should be
carried out for the "behavioural" study and joint design. As mentioned earlier in
this chapter, a 3D FE analysis on bonded joints will be carried out and results
will be compared to those of 2D analyses.
On a different track of research, the effect of fillets on the performance of
adhesive structures was undertaken. For laminated single lap joints, the
adhesive shear and peel strain (or stress) concentrations, generally occurring at
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the end of the overlap, are reduced significantly by introducing a fillet [65]. This
reduction of the stress concentration is attributed to the ability of the spew fillet
to carry some of the shear stresses and thus plays a part in transferring an
element of longitudinal load from one adherend to the other. The geometrically
non-linear deformation greatly affects the adhesive stress (strain) concentration,
which, unlike the linear deformation, varies with the change of the applied load.
The reduction of peak stresses in an adhesively bonded joint is not only related
to the presence of a spew fillet, but also to the shape and size of spew [66].
Two-dimensional plane strain analyses with isotropic materials were carried out
with different spew geometries including full and half triangular, full and half
rounded, full rounded, oval, square and arc as shown in figure 2.16. Table 2.1
shows that the presence of spews causes reductions in shear, peel and tensile
stresses, which should be beneficial in improving joint strength. For triangular
and rounded geometries, a larger spew size causes a higher reduction in shear,
peel and tensile stresses. Lower entry angles in triangular spew geometry
causes a larger reduction in peak stresses. Increasing the radius in arc spew
has little impact on the maximum stresses in the joint. Shaping the spew to
have a smoother transition in joint geometry can significantly reduce the peak
stresses.
Table 2.1: Percent reduction in maximum stresses at the interface
between the square-ended single-lap joint and single-lap joints with the
different spew geometry (load=445 N, adhesive thickness=0.762 mm,
substrate thickness=2.54 mm and lap length=12.7 mm) [66].
Spew geometry xxv (T) CYri (%) am (%)
Half triangular (0=45°) 45 71 28
Full triangular (0=45°) 50 73 31
Half rounded 29 33 15
Full rounded 37 42 20
Full rounded with fillet 54 82 36
Oval 49 65 32
Square 37 40 19
Arc (radius= 6mm) 60 87 35
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Figure 2.16: single lap joint spew geometries [66].
2.3.5 Concluding remarks
Many aspects of adhesively bonded joints have been reviewed. Experimental
studies on bonded structures revealed the effects of joint parameters such as
adhesive thickness, substrate thickness, spew fillet, joint width and over lap
length on joint strength. The effect of substrate condition on joint strength was
also investigated. The performance of bonded structures under creep and
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monotonic loading was also undertaken and rate effects in bonded structures
were addressed.
Modelling the response of structural adhesives was carried out and a number of
material models such as Ludwik, modified Bingham, Crochet's, Maxwell,
Raghava, Schapery and overstress material model were developed and used
for that purpose. Material models that account for hydrostatic and rate
sensitivities will be assessed and used throughout the course of this work to
help achieving the aim of characterising the rate dependent response of bonded
structures.
Geometrical and material non-linearities in bonded structures were addressed
and methods to account for these non-linearities were presented and will be
used through the course of this work. Two- and three-dimensional analyses of
bonded structures were also carried out. The suggestion that 3D analysis gives
better understanding of the behaviour of a bonded structure will be investigated
in this work.
2.4 Failure Criteria 
After modelling and evaluating adhesively bonded joints numerically and
experimentally, developing a failure criterion is usually the next step. Generally
speaking, the main loading conditions are: service loads such as fatigue and
long term static (creep) loads, also impact and quasi-static loads. Each of these
loading conditions may require a different failure criterion.
For creep loading, attempts are made to predict the lifetime of the joint under a
certain constant load in terms of time to failure. While for fatigue loading, the
aim is to predict the lifetime of the joint under a cyclically varying load of some
frequency in terms of cycles to failure. For static and impact loading, it is crucial
to predict the load that the joint will be able to carry.
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2.4.1 Failure criteria for creep
Under sustained loading, and particularly for creep, the general behaviour of the
bulk material shows that as the creep stress increases the time to failure will
decrease exponentially. This however has not generally been related to
measurable adhesive material parameters. When applied to a joint, the analysis
would be rather more complicated as the stresses are not uniform. The general
approach would be to define the behaviour of the bulk adhesive and then to use
it in conjunction with a stress analysis to determine the time and spatial
dependent distribution of stress and strain within a joint.
Very little work has been conducted relating to the failure criteria used for creep
loading. In a creep study on steel single lap joints It was found that a delay
period occurred before a period of straining that was linear when plotted against
the logarithm of time before final rupture accelerated straining [67]. The delay
period was found to be load dependent except for high loads where the delay
period is significant. This secondary creep rate appeared to be linearly
proportional to the creep load at low levels of load. It was also concluded that
logarithm of the time to failure decreases linearly with the applied stress [56,
68].
Different rupture equations were proposed to describe the behaviour of
adhesive materials under creep loading. Some were based on a first order rate
equation [69]:
rue-.1
tf.toeL RT 	 j	 2.22
where U0 is a constant activation energy per mole (associated as an energy
barrier term), R is the universal gas constant, and a is a constant. Testing at
varying strain rates was also an approach used by other researchers [70] with
the aim of finding an endurance limit.
In another study to predict creep lifetime for bonded structures, the time to
rupture was also found to increase exponentially as the level of loading
decreases [71]. Three power law equations corresponding to different levels of
stresses were used to define creep strain rate.
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Another approach was based on the extension of the concept of failure at a
critical stored deviatoric energy, which was applied to a range of polymers [72].
The same concept was also used but in conjunction with Schapery's non-linear
constitutive equation to determine an alternative expression for time to failure
[73].
2.4.2 Failure criteria for monotonic loading
In order to develop a criterion for failure, the stress and strain response of
bonded structures must be available. Several approaches that address failure
criteria will be reviewed next.
I. Maximum stress/strain criterion 
An implicit assumption of a critical distance is normally undertaken in this
criterion since the existence of points of singularity in a bonded structure makes
the maximum value for stress to go into infinite.
In such a criteria, the joint is assumed to fail when a critical value of
stress/strain is reached at any point within the joint. A maximum shear stress
criterion was proposed and employed by several authors [74, 75]. They
explored different aspects of this criterion when applied to single lap joints.
However, the predicted strength was too low and the values of maximum
principal stresses were not determined. A maximum peel stress criterion was
explored by another researcher [76]. When implemented, it yielded errors of
about 90% on a joint configuration where substrate yielding was noted and thus
it was suggested that this criterion is not universally applicable [77]. Other
failure criteria under this category are the peak maximum principal stress
criterion [78], which was applied to only one adhesive thickness and mode of
loading. Moreover, the values of maximum stresses were only an artefact of the
finite mesh used. The maximum von Mises equivalent stress criterion was also
developed [79]. This criterion does not account for the hydrostatic pressure,
which significantly affects the response of most adhesive systems. The
maximum effective uniaxial plastic strain criterion was used to predict failure in
peel joints using large displacement elastoplastic FE analysis [80]. This method
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was said to be restricted as it was necessary to use different critical strains for
different substrates bonded with the same adhesive. The maximum plastic
energy density criterion was also used [81, 82]. Again, this criterion was
restricted as it does not work on sharp corners and that an arbitrary rounding of
twice the adhesive thickness should be used to analyse normal joints.
The use of maximum stress failure criterion to predict impact performance of a
bonded joint was also adopted [83]. The FEA model used, treated both the
simple and plasticised epoxies as linear elastic materials and the failure
criterion was based upon the attainment of a maximum principal stress in the
adhesive layer. However, obtaining the basic mechanical properties of the
adhesive at high-speed tests is difficult. Failure criteria based on the cohesive
performance of the adhesive would not appear to be appropriate in predicting
the performance of joints that fail at the interface.
II. Stress/strain/strain-enerov and a distance criteria
These criteria, in which a critical stress/strain/strain-energy density must act
over a prescribed distance, was adopted by other researchers [84-88]. This
method overcomes the problem of singularities associated with the maximum
stress/strain criteria.
For high rates of loading, the criteria were only validated on T-peel joint [89]. In
this criterion, if the stress/strain involved is the yield stress, or yield strain, or
some function of these two parameters, then these parameters can be reliably
measured at both slow and high rates of test and should be readily transferable
from the bulk to the thin adhesive layer. Parameters such as yield stress, or
yield strain may be modelled as a function of test rate, and test temperature, as
well as the state of stress. But for this criterion, the distance over which the
critical stress/stain/strain-energy-density must act appears to be a empirical
fitting parameter. This approach should be proved for joints tested at slow rates
of tests.
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III.Ultimate tensile stress (UTS) over a zone
This failure criterion for cohesive failure in the adhesive of bonded joints
depends on the ultimate tensile stress (UTS) over a zone [90], in which the UTS
of the adhesive material must be exceeded not just at a point, but over a zone
of finite size, which is independent of the joint geometry. Three different
arrangements of bonded joints were studied; these are the single lap, double
strap, and T-peel joints. To develop the failure criterion, finite element models of
the different joints were created and the stresses in the adhesive bonds were
calculated in great detail. The calibration of this criterion was done on the single
lap joint and then applied to the two other geometries.
The UTS over a zone criterion was found to be able to predict failure loads in
different joint geometries to within typically 5% of the experimentally measured
strength. When the same criterion is used to predict the influence of joint design
parameters on joint strength, it predicted within 5% of the experimentally
measured values for a wide range of parameters from large number of
experimental tests. So as a result, it was concluded that a single failure criterion
could be used to predict the static strength of stresses adhesives bonds tin
different joint geometries.
In a different work, [91], the same criteria was considered, tests were performed
on different joint configurations, T-peel, TAST and thin lap shear joints. It was
found that by using the criterion zone sizes determined from T-peel joints for
TAST joints, failure loads were over predicted by 40-60%, while for the thin lap
shear joints, the predictions were within 20%. Thus, it was concluded that the
evidence for the universal applicability of the criterion for different joint types is
not complete.
IV. Fracture mechanics approach 
Fracture mechanics is the study of the strength of structures, which contains
flaws such as cracks. The principle is to use fracture mechanics with a
prescribed flaw to assess the conditions in the structure and to find out if they
are likely to cause failure. It is generally better to use energy release rate rather
than stress intensity factors for adhesive joints [92]. These seem more
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appropriate parameters for predicting failure in bi-material crack propagation
[93]. The basic aim is to identify a fracture criteria such as the fracture energy
which should assist in developing a fundamental understanding of the fracture
process. Different test geometries were used, as it is known that the value of
the adhesive fracture energy is dependent upon the geometry of the joint.
Other work in this field studied the variation of toughness with adhesive
composition and found a relation between tensile properties and bulk and joint
toughness [94].
For a fracture mechanics approach, it was found that the accurate calculation of
an inherent flaw size is uncertain and the parameter does not have a strong
physical meaning [94]. In addition, if plasticity occurs in the substrates, then it
must be considered for predicting the failure load. Also, dynamic effects need to
be considered.
V. Bi-material stress intensity
This is an extension of fracture toughness concept used in fracture mechanics
approach. The first workers to apply this approach conducted a series of mixed
mode cleavage tests under various modes of loading [95]. In another research
work [96], this criterion was applied to a range of single lap joints.
This particular failure criterion could not be applied to joint geometries with
rounded adherends, as they do not have a well-defined singularity, also to
ductile adhesives that exhibit significant non-linear behaviour.
2.4.3 Concluding remarks 
Although it is not the aim of this work is to develop a failure criterion. The
reviewed literature provides a base for future investigations and analyses in this
area. A successful failure criterion should be capable of covering the whole
span from very low (creep) to medium and high rates of loading. Based on the
analysis that is reported in this work, a design value for joint strength will be
suggested.
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Although the reviewed literature covers many areas of adhesive bonding, none
was aimed at characterising the rate dependency of bonded joints in terms of
modelling the response of bonded structures at different rates of strains.
Nevertheless, it does provide a starting point in terms of what type of
experimental tests to pursue and what to skip, also in implementing the
appropriate material models.
2.5 Conclusions
Based upon the reviewed literature, there are several conclusions that directly
affects this research and will be undertaken:
1. Material data should be collected under two different states of stress.
2. In TAST joints, a state of pure shear exists in the test specimen and thus
accurate values of shear properties can be obtained.
3. Grit blasting of steel substrates provides an optimum surface finish and
increases the joint's strength.
4. None of the reviewed work presented a rate dependent material model
that can be integrated in the commercially available finite element
analysis packages. This will be tackled in the current work.
5. There is a lack of load-history joint data for validity studies. This work will
provide such data.
6. The need for 3D analyses is yet not clear. This will be clarified by
carrying out a 3D analysis. Recommendations will be made based on the
results of such analysis.
7. A wide variety of single lap joint parameters will be assessed in this
work. So far, one or two parameters have been assessed in the reviewed
work.
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CHAPTER THREE
Specimen
Manufacture
3.1 Introduction 
Detailed stress analysis of an adhesively bonded joint normally requires the
knowledge of material properties of both the adhesive and the adherends. The
adhesive system used in this research work is LMD 1142 which is a one
component adhesive (epoxy) developed by Vantico. Substrates used were
made from high strength steel.
Three types of specimens were used during this research work: flat tensile
specimens; thick adherends shear test specimens; and single lap joints. In this
chapter the manufacturing details for each specimen are presented.
3.2 Flat Tensile Specimens
Flat tensile specimens of two different sizes were used for the bulk material
tests as shown in figure 3.1. The reason for using differently sized specimens is
to investigate if there are any size effects.
Figure 3.1 Bulk material specimens: (a) Full size specimen, (b) Reduced size Specimen
Page 45
- Roller
3. Specimen Manufacture
As mentioned earlier, the adhesive used throughout this research work is the
LMD 1142. This is a developmental adhesive system and is not available
commercially. It is supplied in 330 ml cartridges and also in tubs.
Specimens were cut on a CNC machine from slabs prepared in the laboratory.
Various manufacturing procedures for the adhesive slabs were investigated with
the aim of obtaining high quality slabs in term of homogeneity and thickness. To
achieve this, two parameters have to be controlled:
1. Application of the adhesive.
2. Creation of the required thickness.
At room temperature, the adhesive does not flow out of the cartridge easily and
thus it has to be preheated to facilitate the flow. The method of discharging the
adhesive is quite important so not to end up with trapped air bubbles within the
end product, this is achieved through careful application of the adhesive. After
various attempts, it was found that the best method is to apply it in a zigzag
shape with careful attention not to lift the cartridge's nozzle tip at any time until
the full required amount is applied. The duration for applying the adhesive
should not be too long as it is not good practice to leave the adhesive exposed
to dust particles within the laboratory area. Thickness control was achieved by
using side spacers at all times as illustrated by figure 3.2.
A Melinex plastic film (not shown) is placed underneath and above the adhesive
Figure 3.2: Adhesive's thickness control.
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At the end, the following steps were followed to prepare the adhesive slabs:
1. A mould, shown in figure 3.3, consisting of two 4-mm thick aluminium base
plates with two sets of steel spacers 2-mm thickness was used.
2. Prior to use, the mould is cleaned and heated at 70°C for 30 minutes in a hot
air oven together with the adhesive cartridge and a 4 Kg weight. Preheating
the mould is essential to maintain a uniform temperature distribution across
the surface area of the mould before applying the adhesive. It also ensures
that the adhesive is cured within the proposed curing time by minimising the
time required to heat the moulds and the adhesive.
3 To facilitate the removal of the slab from the mould, a Melinex plastic film,
which is a polyester opaque film with a high gloss finish pre-treated to resist
adhesion [97], is attached to the base plate of the mould using a spray
adhesive. This prevents rotation or slippage of that film while applying
adhesive.
Figure 3.3: Mould for producing uniform thickness slabs.
4. The adhesive is then placed on the film and the side spacers are positioned
on both sides of the base plate.
5. Another layer of the thin Melinex is put on top of the adhesive and a roller is
used to spread the adhesive. The side spacers support the roller and thus
the required thickness is achieved. In an earlier attempt the roller was not
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used, and the adhesive was spread under the weight of the heavy mould
which resulted in having air bubbles trapped within the slab.
6. The mould is then closed, i.e. the second plate is placed on top, and the
weight is put on the upper surface of the mould. The screws are used for
alignment rather than for closing the mould. The whole unit is then placed
again in the oven for curing at 150 °C for 120 minutes. In an earlier attempt
the mould was left open, but that method was disregarded, as heat transfer
to the adhesive surface would not be the same from both sides.
7. At the end of the 120 minutes period the oven is switched off and the door is
opened to allow the mould to cool down to room temperature. The resulting
adhesive slab is then taken out of the mould. Figure 3.4 shows a typical
produced slab.
Figure 3.4: Bulk material slab.
8. In-house made CNC machine fixtures were used to cut flat tensile specimens
from the slabs. That cutting process consisted of the following steps:
i. Rectangular strips are cut from the slab using a hacksaw; those strips
were approximately 30 mm x 120 mm for the full size specimens, or 20
mm x 75 mm for the reduced size specimens. On average, three to four
strips were cut from each slab avoiding air bubbles if any. That made up
a batch of specimens.
ii. The strips are put on top of the clamp's base, component (a) in figure
3.5. The clamp is then closed, by placing component (d) on top of the
strips. Alignment rods were inserted through the guiding holes (b).
iii. Holes are drilled through the strips at points (c); this is to secure strips in
place while being cut out to form the specimens.
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iv. Component (d) is removed and (e) is placed on top of the strips, it has
the same shape of the specimens but it is undersized. Screws are then
inserted and the whole clamp is secured and placed into a DECKEL-FP
4ATC 3-axis CNC mill.
v. A G-Code program to create the specimens is used; the cutting process
was carried out without using any lubricant or coolant so as not to
degrade the specimens. Oversized specimens are cut first, this is
essential to protect the final specimens from cracking during the cutting
process. A second cutting step is then carried out with an accuracy of
±0.015 mm to produce specimens as shown in figure 3.6.
Reduced size specimens are cut in the very same manner; however, a smaller
clamp shown in figure 3.7 is used. Specimens are more vulnerable while being
machined, particularly, within the reduced section. To protect the specimens,
component (d) is a much thicker one to provide more rigidity for the whole
clamp.
In total, 14 different batches where made, and as mentioned earlier, three or
four specimens where finally cut from each batch.
Specimens were designated in a clear way to identify batch, size and number.
Full size specimens were designated as BBNxSNy, which is read as: Bulk
Batch number x Specimen number y. Reduced size specimens had the same
designation with the letter M at the front, MBBNxSNy, to designate minimised or
reduced size specimens.
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Figure 3.6. LMD1142 Tensile specimens.
Figure 3.7: Clamp for reduced size flat Tensile specimens.
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3.3 Thick Adherend Shear Test (TAST) joints 
One configuration of TAST joints was used. Figure 3.8 shows the substrate
used to make up TAST joints. Substrates were cut and machined in the
workshop from high strength steel while the adhesive used was again LMD
1142. To make a successful bond, the adhesive must "wet" the substrates to
be joined, fill the gap between the surfaces, and then fully cure. Since a number
of specimens are to be produced, it is necessary to ensure that the conditions of
the surfaces to be bonded are the same and produce sufficiently strong bond so
that adhesive fails cohesively. Unknown contaminates must be removed from
the surfaces, and then a surface treatment applied to increase the affinity for the
adhesive. Hardening, or curing the adhesive requires time. Elevated
temperature curing is carried out using a hot air oven where heat transfer is
relatively slow. The size of the step in the substrate controls adhesive layer
thickness in the joint. Two substrates of precise size are used to make up a
joint. One substrate is put as shown in figure 3.8; the other is flipped over and
brought close to the first one. When brought together, a space of uniform height
is formed and once filled with adhesive, it makes a uniform thickness adhesive
layer.
54 mm 	
	 43 mm
16 mm
8 mm
ill mm
t
8.375 mm
--f
7.625 mm
_1_
65 mm
Figure 3.8: Substrate for TAST joints.
TAST joints were prepared in the laboratory according to the following
procedure:
1. Degreasing—stage 1:
a. The overlap area of the substrate is first brushed using acetone, a
solvent degreasing agent with a low hazard rating.
b. The substrates are then immersed in a glass container filled with
acetone, till the overlap area is fully submerged. The container is
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then put in an ultrasonic bath for 10 minutes inside a fume
cupboard for safety.
2. Surface treatment/Abrading:
Since lightly abraded surfaces give a better key to adhesives than do
highly polished surfaces, the surface of the overlap area is blasted
with white alumina abrasive grit (grade 180-220, made by Abrasive
Developments Ltd) for 10 seconds at a pressure of 80 lb/in2 and from
a distance of approximately 24 mm. This method of mechanical
roughening has been proven to increase joint strength [98,99].
3. Degreasing-stage 2:
Abrasion treatment must be followed by a further treatment to ensure
the complete removal of loose particles. So, the substrates are
degreased again in a manner similar to that mentioned in stage1-b
mentioned above.
4. While surface preparation is taking place, a 20-ml syringe, filled with
adhesive is placed inside the oven for 20 minutes at a temperature of
50°C to facilitate its flow. A number of 20-ml syringes were filled with
adhesive from the 330 ml cartridge mentioned previously. There are two
reasons for this:
i. To avoid heating the whole amount of adhesive whenever a
batch of specimens is prepared.
ii. Since the overlap area is relatively small, it is rather difficult to
control the flow of the adhesive coming out of the cartridge's
nozzle while it is easier to control it when using the 20-ml
syringes.
5. The adhesive is squeezed out of the syringe and applied to the treated
surface of one substrate. Attention must be paid not to allow any voids or
air gaps while squeezing out the adhesive. It is applied in similar manner
to that used while preparing bulk slabs but on a much smaller scale. A 1-
mm thick PTFE (polytetrafluroeythlene) sheet is placed at the edge of
that substrate leaving a 10-mm overlap area, figure 3.9. The second
substrate is then brought onto the adhesive, with another1-mm PTFE
sheet held in position. This not only fixes the overlap length, but also
prevents an adhesive fillet forming so producing consistent joints. It also
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spreads the adhesive across the overlap area to form the specimen as
illustrated in figure 3.9. Excess adhesive is wiped away and the
specimen is placed in a spring-loaded clamp, shown in figure 3.10. More
specimens are made in the same manner and then a group of 3-4
specimens are clamped together and then placed inside the oven for
curing at 150°C for the duration of 120 minutes.
6. The oven is then switched off and the clamp containing the specimens is
kept inside to cool to room temperature with the oven's door open. TAST
joints are then removed from the clamp, PTFE sheets are pulled out and
the specimens are stored in a desiccator until they are tested. Figure
3.11 shows the end product.
Specimens were given numbers in a certain designation, namely, BNxSNy that
indicates the batch number and specimen number.
PTFE Sheet
Substrate
Adhesive
Substrate
PTFE Sheet
130 mm
15 mm
Figure 3.9: The making up of a TAST joint.
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Figure 3.11: TAST joint: end product.
3.4 Single lap joints 
Four configurations of the single lap joint have been prepared in the laboratory.
Overlap length, adhesive layer thickness and substrate thickness were varied
as shown in table 3.1.
Table 3.1: Single lap joint configurations (all dimensions in mm's)
Configuration Overlap Adhesive
thickness
Substrate
thickness
Fillets
A 30 0.70 3.175 Yes
B 30 0.25 3.175 Yes
C lo 0.25 3.175 Yes
D 30 0.70 1.5875 No
For all joints, total substrate length and joint width were the same as shown in
figure 3.12.
4—	 100 mm
Joint width, 12mm
Figure 3.12: Single lap joint.
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Generally speaking, the procedure for making up the joints was similar to that of
TAST joints. Steps 1-4 mentioned in the preparation of TAST joints were
followed. Control of adhesive layer thickness, overlap length and fillet size and
shape are major factors while preparing lap joints.
Overlap length was simply identified by marking the substrates before carrying
out surface treatment. Using oversized spacers controlled both bond layer
thickness and fillet size. Spacers had a 2mm 45° chamfer at one end. Figure
3.13 illustrates the making up of the joints. Square end spacers were used to
make up joints with no fillets, i.e. configuration D. Table 3.2 shows the
dimensions of oversized spacers. The spacers were sprayed with a release
agent to prevent them from bonding to the adhesive.
Table 3.2: Dimensions of oversized spacers (in mm's)
Substrate Thickness Required adhesive layer thickness Spacer's thickness
3.175 0.70 3.875
3.175 0.25 3.425
1.5875 0.70 2.2875
Substrate Spacer
Substrate
Figure 3.13: Preparing single lap joints.
The adhesive is squeezed out of the syringe and applied to the treated surface
of one substrate; it is then aligned with an oversized spacer. This is done while
the substrate is held in position in a clamp, shown earlier in figure 3.10. The
second oversized spacer is placed over that substrate and then second
substrate is finally brought in to make up the joint. A slight pressure is applied
on the whole configuration at the ends. The adhesive spreads out and the
excess is wiped. More joints are made in the same manner and then a group of
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five to six specimens are clamped together and then placed inside the oven for
curing at 150°C for the duration of 120 minutes.
It is important to mention that application of the adhesive is carried out in a way
to avoid the formation of voids or gaps with the bond layer. It is applied in an S-
shape with care not to lift the syringe's tip off the treated surface.
The oven is then switched off and the clamp containing the specimens is kept
inside to cool to room temperature with the oven's door open. Joints are then
removed from the clamp, and the specimens are stored in a protective
environment until they are tested.
Specimens were numbered in a certain designation, namely, LBN1SN2 that
indicates Lap joints, Batch number and Specimen number.
3.5 Concluding remarks 
Good quality specimens were obtained, manufacturing techniques were
constantly modified whenever necessary to achieve the required quality
particularly while preparing bulk slabs.
The main parameters that one should control while preparing specimens are:
thickness and overlap length. Control of adhesive thickness for bulk slabs was
best achieved by using the roller and spacers to spread the adhesive. For TAST
joints, the machining of the substrates to the dimensions shown earlier made it
possible to obtain a uniform bond layer thickness. For single lap joint, the
oversized spacers, machined to the right thickness facilitated the preparation of
uniform bond layer thickness and also produced a very accurate fillet size.
Overlap length in TAST joints was easily controlled by the use of PTFE sheets,
and in lap joints, the marking of the overlap area allowed very good control of
the overlap length.
Page 56
3. Specimen Manufacture
The method of applying the adhesive is important to avoid voids or air gaps
within the produced adhesive layer. It is important not to lift the applicator's tip
while squeezing out the adhesive, as this would prevent the introduction of air
gaps when the adhesive spreads out.
While preparing the specimens, room temperature was monitored and
recorded. Specimens in their final shape were stored in a protective
environment away from excessive temperatures and humidity.
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CHAPTER FOUR
Experimental
Material Data
4.1 Introduction 
This research is aimed at developing a technique and a criterion to be used to
predict the joint response of rate dependent adhesive joints under various
loading conditions. To achieve that aim, it is important to provide appropriate
experimental material data for the adhesive system under investigation. This will
enable a valid material model to be developed. This adhesive is likely to display
hydrostatic sensitivity. This requires data to be collected under two different
loading conditions [7]. Thus both bulk material tensile specimens and thick
adherend shear test (TAST) joints were tested. Substrates used to make up
joints were also tested to provide a valid material model for finite element
analysis.
4.2 Bulk Material Tests
The response of the bulk adhesive was measured by means of performing
tensile tests. Flat tensile specimens of two different sizes were used for the bulk
material tests. Specimen details and manufacturing procedure were presented
in chapter 3.
4.2.1 Test Variables 
Both full size and reduced size specimens were tested at three different
crosshead speeds, namely, 1, 10 and 100 mm/min. A number of tests were
carried out at elevated temperatures to assess temperature sensitivity. All other
tests were carried out at room temperature.
4.2.2 Test apparatus and procedure 
An lnstron 6025, equipped for tensile, compression and cyclic testing was used
for carrying out the tests. The machine has a load frame capacity of 100 kN,
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with load cells of 100 N and 5 kN and 100 kN. An environmental chamber for
testing at temperatures between -70°C and + 100 °C was also available [100].
The tensile tests were carried out with a 5 KN load cell fitted to the machine.
The tests were controlled with the lnstron general-purpose tension compression
program.
An extensometer was used to measure the axial strain in the gauge length of
the specimens. The extensometer type used had a gauge length of 25 mm and
a full-scale range of 100% strain. Figure 4.1 shows both the test machine and
the extensometer.
Figure 4.1: lnstron 6025 test machine and extensometer.
Before first use, or whenever a different load cell is used, the test machine
needs calibration. The RS232 data logger also needs to be configured. The
procedure includes the following steps:
• Set mechanical stops of the machine to prevent crosshead from
accidentally damage test specimen, temperature cabinet, etc.
• Select Load Frame, test area and test type.
• Load cell must be on full range for calibration. Load range can be
then selected.
• Extensometer must be in closed position for calibration.
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• Test control parameters are then selected:
> Test speed: 1, 10 or 100 mm/min
> Test start conditions: Take to zero load and balance
extensometer(s), set current crosshead position to zero,
D End of test conditions: Stops the test at failure.
> Control mode: Position, crosshead will move at the
constant velocity set earlier.
• Formatting the 6025 console and setting up the data logging for
slow mode:
D Tracking load and strain. Auto print at period & end, which
will log data points every period and the last point at the
end of the test. Maximum period is 0.033333 minutes (2
seconds) and the minimum is 0.01667 minutes (1
second).
• Go back to test page. The display on the console's screen is
illustrated in figure 4.2.
• Setting up the Macintosh data logger:
D Connect data logger to the 6025 console via RS232 port
on the 6025 and modem-port on Macintosh.
> Turn the logger on before starting test. Select slow mode
to record up to five variables (no time value is logged)
> Set the rlth sample: logging every second if period is
0.01667 on Instron.
> Set to Auto logging, so the program starts and stops
logging when test starts and stops (keeping in mind that
the logger must be turned ON).
> At the end of the test, a "save" box appears automatically.
When pressed, it allows the data to be saved on a hard or
floppy disk.
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Position	 Load	 Strain
TEST STATUS AND DISPLAY
	 lime/date
TEST Type	 TENSION	 DOWN
Test
	
Completed at break
LOAD	 displays	 kN
current
STRAIN	 values
	
%
/POSITION	 mm
Figure 4.2: lnstron 6025 console's display.
The calibration procedure mentioned earlier is followed when testing at low
crosshead speeds. The whole experimental procedure can be summarised as
follows:
• First, dimensions of the test specimen are measured using a
micrometer, thickness and width are measured at both ends of the
parallel section, and average values are then calculated.
• Load cell is balanced.
• The specimen is fixed in the jaws of the test machine; the
extensometery is then attached to the specimen. The extensometer
is supported by a means of a rubber band attached to the frame of
the test machine so not to load the test specimen.
• The machine is set to bring the load to zero and then balance the
extensometer.
• The test and the data-logging program are then started. Applied
force, strain and crosshead displacement are recorded.
• After failure of the test specimen, data is stored and the specimen is
removed from the test machine and stored for later reference.
For tests carried out at a higher crosshead speed, namely 100 mm/min, it was
no longer possible to collect the data using the Macintosh data-logging
program. The rate of capture of data becomes inadequate since the minimum
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period is only 1 sec and hence does not enable sufficient data point to be
collected. Therefore, it was necessary to use a higher speed data logger. A
MiniPOD interface card [101] supplied by Pentagon Instruments, shown in
figure 4.3, with analogue, thermocouple and digital inputs, and analogue and
digital outputs that plugs into the computer printer port is available.
Figure 4.3: MiniPOD data logging card.
Output from Instron must be fed into the card and hence into the connected PC.
Output voltage from the Instron is ±10 volts whilst for the card, the maximum
input is ±2 volts. Thus it is necessary to step-down the Instron's output. Further,
the data logging software, Data AcquiVision, accompanying the card has a
virtual oscilloscope that is capable of handling two inputs only. With those two
limitations in mind, an amplifier unit was designed and built to serve as an
interface between the Instron and the Data AcquiVision card connecting to the
PC.
The proposed unit is designed in such a way that it is possible to handle more
than one input, and to deliver one output only. The output signal must be within
the required voltage range. In bulk tensile tests, force signal is fed directly into
the card since its voltage was constrained to be in the range. However, the
voltage of the strain signal has to be stepped down. The final amplifier unit,
shown in figure 4.4, is capable of handling two input signals even though, in
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these tensile tests, we only need to step down one strain signal. This is to widen
the usage of the unit particularly when used with the TAST joint tests as will be
discussed later.
Figure 4.4: Amplifier unit circuit.
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An external power supply is used to operate the unit. Input power is fed into the
unit at junctions J1 and J3, the earth is connected at J2 (block D1 in the figure).
LED indicators are used too as a visual demonstration that the unit is being
powered up.
For high crosshead speed tensile material tests, the strain signal is positive. It is
fed into the amplifier unit at the positive BNC input (block B1); it is then stepped
down to 40% of its original magnitude using the operational amplifier in block
C3. The signal continues into the averaging unit in block B4, where it reduced to
half of its current magnitude. Thus at the end, the output strain signal is reduced
to 20% of its original value and is connected as a single ended connection on
the data logger. The load signal was taken directly from the lnstron's console
into the data-logging card with the load cell set to operate at full range i.e. 5 kN.
As the maximum load was expected to be 1 kN this ensures that voltage of the
load signal is within the operating range of the data logging card.
4.2.3 Test results
A total of 32 test specimens were tested. All, apart from 5 test specimens, were
tested at room temperature. At the end consistent results from 16 different tests
were obtained. Reasons for inconsistency were mostly related to manufacturing
faults. For each test, room temperature was recorded. Crosshead displacement,
force and extensometer's readings were collected. The latter were converted
into true strain (et) and true stress (at) using the formulae:
et = In (1+se )	 (4.1)
at = cre/(1-(2vese))	 (4.2)
Where va is Poisson's ratio for the adhesive and has a value of 0.35.
Engineering strain, and engineering stress are defined as:
se = AULo	 (4.3)
(Ye = F/A0 (4.4)
Where AL is the change in length within the gauge length measured using the
extensometer, Lo is the original gauge length, F is the applied force and A0 is
the original cross sectional area within the parallel section of the test specimen.
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The adhesive under investigation is both rate and temperature sensitive as
shown in figure 4.5. At a specific crosshead speed, namely 1 mm/min,
specimens were tested at room temperature, 40 °C and 60 °C using a
temperature-controlled cabinet.
0	 0.05	 0.1	 0.15	 0.2
	
0.25
	
0.3
	
0.35
True strain (mm/mm)
Figure 4.5: Tensile constitutive data.
4.2.4 Discussion of results
The effect of increasing the test temperature is to decrease the modulus, yield
stress and failure stress, but increase the strain at failure. This behaviour is
expected and can be attributed to the breakage of the backbone bonds or
depolymerisation of the adhesive at elevated temperatures.
Size effects were also investigated. At a crosshead speed of 10 mm/min, full
and reduced sized specimens were tested at room temperature. Figure 4.6
shows that there is no apparent size effect. Rate effects, however, are quite
noticeable (figure 4.5); by increasing the crosshead speed (strain rate) the
values of Young's modulus and stresses are increased which characterises
LMD1142 as a rate dependent adhesive system. There is no apparent effect of
strain rate on strain at failure. At the molecular level, the increase of strain rate
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tends to lock in the polymer chain tangling within the adhesive itself and hence
results in an increase in the material's stiffness, yield and failure stresses.
Tension tests were carried out at constant crosshead speeds. The
corresponding total strain rates were obtained from the slope of the strain-time
plot, figure 4.7. Initially some of the crosshead displacement goes into the
loading frame and grips before it goes mostly into the test specimen. This is
reflected in the strain-time plot where one can observe an initial loading region
at increasing strain rate and then a constant rate of strain.
50
45
40
35
7ir
a- 302
co)
cn 25
a,
• 
20
15
10
5
ii —full size
—full size
—full size
reduced size
reduced size
0.05
	
0.1
	 0.15	 0.2
True strain (mm/mm)
Figure 4.6: Constitutive data for full and reduced size specimens.
For the purpose of further analysis, the modulus of elasticity was calculated and
a "knee" stress point was obtained. These would then be used to characterise
the rate dependent behaviour of the adhesive system. The knee stress is
defined by bisecting the angle between the initial tangent and the final tangent
drawn on the stress-strain curve as illustrated in figure 4.8.
Crosshead speed, strain rate, Young's modulus and knee stress values are
shown in table 4.1 If the length of the specimen between the grips is assumed
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to be approximately 50 mm (for full size specimens), then crosshead speed can
be converted into an approximate strain rate using equation 4.5.
crosshead speed (nunhnin) Strain rate (%/sec) —
	
	 x 100%
60 (sec) x 50 (mm)
The difference between the converted strain rate and that measured directly
from strain-time plots is acceptable keeping in mind that the converted values
are approximate and based on the assumption that all crosshead displacement
goes into the specimen.
Time (sec)
Figure 4.7 Strain-time plots for bulk tensile specimens.
(4.5)
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0	 0.02	 0.04	 0.06	 0.08	 0.1	 0.12	 0.14	 0.16	 0.18	 02
True strain (mmlmm)
Figure 4.8 Definition of knee stress.
Table 4.1: Modulus of elasticity and knee stress for different bulk tests.
Crosshead
Speed
(mm/min)
Strain rate from
crosshead
(%/sec)
Strain rate
(%/Sec)
E
(MPa)
Knee Stress
(MPA)
100 3.33333 3.832313 1610.588 34.563
3.013222 1558.191 36.958
3.376519 1558.191 35.418
10 0.33333 0.285714 1613.348 30.682
0.428571 1439.603 31.364
0.428571 1483.424	 30.853
1 0.03333 0.04 1450.033	 28.636
0.04 1378.419	 29.564
0.042857 1378.125	 26.913
0.043636 1312.641	 28.106
0.044 1378.712	 28.523
Average 1467.39
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4.3 Thick Adherend Shear Tests (TAST) 
The use of the linear movement of a standard tensile testing machine to
generate shear in a specimen is widely used as an alternative shear test
method to torsion tests. For such a testing method, a Thick Adherend Shear
Test (TAST) specimen could be used.
In a TAST joint, the effects of differential substrate straining are minimised by
using stiff thick metallic adherends. The considerable flexural and tensile
stiffness of the adherends leads to a state of uniform shear in the adhesive
itself. In a conventional lap shear joint (with thinner substrates), adherends are
more likely to deform making the stress distribution non uniform and hence
more complicated to determine the material properties of the adhesive system
itself. Furthermore, manufacturing TAST joints is relatively uncomplicated. In
this research, a single configuration of the test specimen is used, as discussed
earlier in chapter 3.
4.3.1 Test Variables
TAST joint tests were carried out at crosshead speeds of 0.1, 1, 10 and 100
mm/min. Tests were also carried out at elevated temperatures of 40, 60 and 80
°C.
4.3.2 Test apparatus and procedure 
As with the bulk tensile tests, the TAST joint testing was carried out using an
Instron servo-mechanical test machine. However, a 5 kN load cell was
inappropriate as the load range is expected to be well above this value. A 100
kN load cell is used instead. To maximise accuracy it is set to give 10 kN as full
scale deflection.
The available grips on the test frame are not appropriate for gripping the TAST
joints and thus gripping forks were manufactured. Figure 4.9 shows a TAST
joint held in forks and gripped to the test frame of Instron. It can be seen that
the grips incorporate the flexibility of a universal joint
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Measurement of shear strain in the adhesive is derived from the measurement
of relative displacement of points on adjacent adherends. Crosshead
displacement is not appropriate for this purpose since not only the adhesive
strain, but also the adherends and most probably the grips themselves all
contribute to the crosshead displacement. This makes it most important to use
an extensometer to measure the displacement of the adherends at a position
relatively close to the bond line.
Figure 4.9: gripping forks for TAST joints.
The KGR-1 extensometer, shown schematically in figure 4.10, was developed
[8] to measure the shear movement of the bond line. The principle of operation
of this instrument is that the movement of the bond line is made to move the
core in a linear variable differential transformer (LVDT). The voltage change is
fed to a recorder.
An extensometer based on the principles of KGR-1, already developed in
house, was used [102]. The LVDT coil is fixed to the threaded hole of the rear
frame of the extensometer and is attached to the arm of the front frame as
shown in figure 4.11. Both front and rear frames are connected by two leaf
springs. The springs restrict all extraneous movement of the front frame other
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than movement parallel to the direction of the shear deformation of the
adhesive's bond line.
Figure 4.10: Schematic drawing of KGR-1 extensometers.
() 
Leaf spring
ArAVAIrl
III
A4.1L;larliA1104	 0 Locking device
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0 Rear Frame
0 LVDT core
Figure 4.11: Detailed drawing of KGR-1 extensometers.
The relative displacement of the adherends can be measured by attaching the
movable rear part of the extensometer to one of the adherends and the fixed
front part to the other one. The movement of the core inside the coil generates
an output voltage signal, which can be recorded and then converted into a
displacement. An extensometer was used on both sides of the specimen to
eliminate errors from unsymmetrical specimens.
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The physical contact between the extensometer and the specimen is made via
three pins on each extensometer. Two are fixed to the rear frame and the third
to the front frame. The extensometer's measuring points are at the 1/4 positions
inwards from the edge of the bond line. At these positions, it can be shown that
the measured shear stress is essentially equal to the average shear stress
calculated from the applied load as illustrated in Figure 4.12.
Adhesive's
	 quarter points
shear stress
Figure 4.12: Actual and average shear stress in the bond line.
The outputs from the extensometers are fed into the control box; the circuit for
this unit is illustrated in figure 4.13. The main purpose of this unit is to act as a
control interface between the computer and the extensometer. The basic
components of this unit are:
Amplifiers: Full-scale deflection of the lnstron is ±10 volts, so at full scale
deflection, output from the LVDT's is amplified to that value.
Potentiometers: To enable the user to balance the extensometers before
each test by tuning them on the control box as an alternative to
repositioning the core of the LVDT unit itself.
Display module: LCD display that has a full scale of 200 mV. Thus a
voltage divider is used to scale down the amplifier output signal to the
LCD display by a factor of 100. In this way the amplifier's signal into
Instron remains intact.
Figure 4.14 shows the modified KGR-1 extensometers used in this research.
Output voltage from both extensometers is calibrated against a bench
micrometer, shown in figure 4.15. A dummy TAST joint is fixed between the
jaws of the micrometer onto which the extensometers are mounted. Over a
range of 0 —1.0 mm displacement, the corresponding output voltage from each
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extensometer is recorded and then plotted as shown in figure 4.16. As can be
seen from the figure, a full-scale deflection of the micrometer (1 mm)
corresponds to 10 volts. It must be stated here that one output voltage signal is
positive whiie the other is negative but converted into a positive one for the
purpose of plotting the graph.
I 240 VAn 
I hdet Filto 
Figure 4.14: Krieger extensometers.
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Figure 4.15: Calibration micrometer for KGR-1 mdensometers.
—Right extensometer
.Left extensometer
0.2	 0.4	 0.6	 0.8	 1	 1.2
Micrometer's displacement (mm)
Figure 4.16: Calibration curve for KGR-1 extensometers.
As with the bulk tensile tests, the test machine needs calibration before each
set of tests or when a different test configuration is selected. The calibration
procedure is similar to that of the bulk tensile tests with a difference in
calibrating the extensometers. This is carried out by injecting an external 10-volt
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signal into the console as a full-scale deflection, and a zero-volt signal as a
gauge length signal.
The experimental procedure can be summarised as follows:
• Bond line thickness and overlap length are measured on both sides
of the joint using a shadowgraph, shown in figure 4.17. Substrate
thickness and width are measured using a micrometer at both ends
of the joint. Average values are then calculated.
• The load cell is balanced. Gripping forks are attached to the test
frame providing a universal joint.
• The TAST joint is gripped in a table-clamp to facilitate the
installation of the extensometers. This is the most sensitive step in
the whole test as accuracy in locating the extensometers pins at the
right points is critical to obtain accurate readings. A very thin line is
scribed across the TAST joint at the position where the lower set of
pins should rest. Care must be taken to ensure that the
extensometers are fitted properly.
• The joint is then fixed in the jaws of the test machine via the
gripping forks. The machine is driven to zero load and the
extensometers are balanced.
• The test and the data-logging program are then started. Applied
force, strain from both extensometers and crosshead displacement
are recorded.
• After failure, data is stored and the TAST joint is removed from the
test machine and stored for later reference.
For high crosshead speed tests, data was recorded using the MiniPOD
interface card used for the high rate bulk tensile tests. The summing/averaging
amplifier unit is used to take input from both extensometers and then to output
one signal only. The load cell signal was fed directly to the data-logging card
with the load cell operating in a range that maintains the input limits of the card.
Positive and a negative signals are output from the extensometers and then fed
into the amplifier unit.
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Referring to figure 4.4 once again, the positive input signal is connected at the
BNC in block B1 while the negative one is connected via the BNC in block Al.
The positive signal is then stepped down to 40% of the original signal (block
03), while the negative signal is inverted (block A2) and then stepped down to
40% (block A3). Both signals are now fed into the averaging unit (block B4). A
variable resistance allows for a wider range of output voltage. To meet the
requirements of the current test, R9 is set at 25 KO.
Figure 4.17: Shadowgraph.
The logged data from extensometers combines the deformation of the adhesive
and the substrates between the mounting pins. Thus a correction for adherends'
displacement must be taken into account as illustrated below:
Steel thickness, t	 t	 t
	
,s =
	
-s2
Shear strain in steel, Ys= rs/G
G • Shear modulus for steel (80 MPa)
Shear stress.-r = F/A
F: Applied load, A: Overlap area.
Os = ösl -1-6s2 =ts ys = ( ts F)/(AG).
But, ts = 4.7 - ta and thus:
6s = (4.7 - ta)F/(AG), where ta is bond
line thickness.
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Adhesive deformation is then found by subtracting Ss from the extensometer's
readings.
4.3.3 Test results 
In total, 40 specimens were tested, at four different crosshead speeds and
various working temperatures. Consistent results from 27 different tests were
obtained. Reasons for inconsistency were investigated and mostly were related
to improper installation of extensometers. For each test, room temperature was
recorded. Crosshead displacement, force, and the extensometers' readings
were collected. The latter were converted into shear strain and shear stress
using the formulae:
y = (Se - 5s)Ita	 (4.6)
T = Force/overlap area	 (4.7)
Where Se is displacement measured by the extensonneters.
Shear stress-strain data for the adhesive obtained this way are shown in figure
4.18.
4.3.4 Discussion of the results: 
Once again, results (figure 4.18) show that the adhesive under investigation is
both rate and temperature sensitive. At a crosshead speed of 0.1 mm/min,
specimens were tested at room temperature, 40 °C, 60 °C and 80 °C inside a
temperature-controlled cabinet. Knee stress, determined in a similar manner to
the bulk tensile tests, is plotted against temperature as shown in figure 4.19.
The effect of temperature is similar to the bulk tensile tests, although it has no
apparent effect on strain at failure (figure 4.18).
Strain rate was found in the same way as reported earlier for bulk tensile tests.
Figure 4.20 shows shear strain-time plots. The presence of the two regions is
more apparent: first loading of the specimen where not all the displacement is
going through the bond line and the second region (post adhesive yield) in
which most of the crosshead displacement is assumed to be transferred into the
bond layer.
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Crosshead speed, shear strain rate, shear modulus and knee stress values are
shown in table 4.2. If bond line thickness is assumed to be 0.75 mm (this might
differ from one specimen to another), then crosshead speed can be converted
into strain rate as follows:
crosshead speed. (mm/min)
x 100%Strain rate (%/sec) =
60 (sec) x 0.75 (mm)
(4.8)
0	 0.1	 02	 03	 0.4	 0.5	 06	 07	 0.8	 0.9
Shear Strain (mm/mm)
Figure 4.18: Shear stress-strain curve for the TAST specimens.
The difference between the converted strain rate and that one measured
directly from strain-time plots is acceptable keeping in mind that the converted
values are approximate and based on the assumption that all crosshead
displacement goes into the specimen.
An average value of 500.75 MPa for shear modulus is comparable to a value of
543.5 calculated from the bulk tensile data using equation 4.9.
G= E/ 2(1+ Va)	 (4.9)
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With E = 1467.39 MPa (average value) and Va value of 0.35. This can be
considered as another method to verify test results.
22	 40	 60	 80
Temperature (c)
Figure 4.19: Knee stress in shear versus test temperature.
Figure 4.20: Shear strain-time plots for TAST joints.
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Shear stress and shear strain can be converted into equivalent tensile values
based on von Mises (by multiplying and dividing by vi respectively). Figure
4.21 shows the rate response from both bulk tensile and TAST joints. For many
polymers, a plot of the stress against the logarithm of the strain rate is linear
[103, 104]. This can be seen in figure 4.21; a linear relation in semi log data
implies that stress is a logarithmic function of strain rate. Furthermore, at any
given strain rate, the equivalent stress is higher in shear than tension, which is
typical for a hydrostatic sensitive material.
Table 4.2: Knee stress for at different shear strain rates for TAST loints.
Crosshead
Speed
(mm/min)
Strain rate from
crosshead
(%/Sec)
Shear Modulus
(MPa)
(average values)
Strain rate
(%/Sec)
Knee Stress
(MPA)
100 222.22 560 127.6190473 26.5
165.7142853 26.25
228.571428 26
10 22.222 520 22.35849055 26.09318996
18.46153845 25.34050179
20.66037735 24.96415771
1 2.2927 487 1.65714285 22.90322581
1.97142857 23.11827957
1.88571428 23.5483871
1.82857142 23.5483871
2.25714285 22.15053763
0.1 0.2999 436 0.234285714 20.08658009
0.205714285 19.13419913
0.188571428 19.22077922
0.194285714 19.22077922
0.211428571 19.39393939
0.211428571 18.96103896
0.234285714
	 18.6147186
4.4 Substrate tension tests
To validate the later analyses of the single lap joints it is necessary to have the
material properties for the substrates used to make the joints tested. High
strength steel substrates of two different thicknesses each from a different stock
were used to make up the lap joints, thus it is essential to test specimens from
both substrates to obtain all the material properties.
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Strain Rate (%isec)
Figure 4.21: Strain rate response from bulk specimens and TAST joints.
4.4.1 Test Variables 
Strips of 100 mm length were cut from the steel stocks. Both stocks had a width
of 12.8 mm and had a thickness of 3.18 mm and 1.58 mm respectively. Tests
were carried out at room temperature and at two crosshead speeds.
4.4.2 Test apparatus and procedure
An upgraded version of the lnstron test machine mentioned earlier is used. The
machine is now equipped with "5500 control electronics". The loading frame
was fitted with a 100 KN load cell. Extensometers were used to measure the
axial strain in the gauge length of the specimens. The extensometer type used
has a gauge length of 25 mm and a full-scale range of 10% strain. Data
produced during the tests was recorded using MERLIN a software provided by
the test machine manufacturer. As usual, setting up and calibrating the test
machine is important before carrying out the tests. The procedure is
summarised as:
• The control unit on lnstron was turned on. The PC used to load the
control and data logging software is started as well.
• A test procedure is selected; in this case a tensile test.
• Load cell and extensometer are calibrated and balanced.
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•	 Test control parameters are selected: crosshead speed, test start
conditions, and end of test conditions.
Test specimen is then fixed between the machine's grips, the extensometer is
installed, the crosshead is driven to zero load and the test is started. The data
logger will record time, displacement and load. The software calculates Young's
modulus and other mechanical properties if it is setup correspondingly.
4.4.3 Test results
Since the specimens came from two different stocks, mechanical properties of
each one are expected to be different. Hence there is a need to carry out tests
on specimens from both stocks. Figure 4.22 shows representative results for
both stocks.
An average value of 200,000 MPa was calculated for the tensile modulus of
elasticity for both stocks. It can be seen that the ultimate stresses for the thinner
substrate are higher than those for the thick one, which justifies carrying out the
tests on both stocks.
!
00	 0.5	 1.0	 1.5
	
2.0	 25
True strain (%)
Figure 4.22: Substrates constitutive data.
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4.5 Conclusions 
Material properties from bulk adhesive, TAST and steel substrates are essential
for further analysis and verification. The decision to carry out two types of tests
to obtain the adhesive material properties, i.e. bulk tensile and TAST joint tests,
is justified, as the adhesive is clearly hydrostatically sensitive.
Shear modulus for bulk adhesives determined using the constitutive equation
for an isotropic material relating tensile modulus and Poisson's ratio to shear
modulus was in good agreement with that found directly from TAST joints tests.
Test results from both bulk and TAST joints tests marked the adhesive system
as a rate dependent adhesive. Modulus and knee stress values increased with
the increase of strain rate. Temperature sensitivity was also apparent; the
increase of temperature has the opposite effect to that of increasing strain rate
on modulus and knee stress.
Knee stress varied linearly with the logarithm of strain rate. Crosshead
displacement when converted into strain rate exhibited good correlation with
strain rate measured from strain-time plots.
As expected, steel substrates did not show any rate dependency. Different
mechanical properties were obtained for different stock.
The final part of the experimental work is the joint testing. This is presented in
the next chapter.
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CHAPTER FIVE
Experimental
Joint Testing
5.1 Introduction 
Experimental data on the behaviour of adhesively bonded joints is usually
required for the comparison, verification and validation of numerical analyses.
To fulfil this purpose, validation joint testing was carried out on single lap joints.
The aim was to measure force-deflection behaviour for both crosshead
deflection and deflection of the overlap region using modified clip gage
extensometery. Bond line thickness, overlap length and substrate thickness
were varied and the effect of each was investigated. A video microscopy
technique was used to measure deflection in the bond layer itself.
5.2 Test variables 
Tests were carried out at crosshead speeds of 1, 10 and 100 mm/min. Bond
line thickness, overlap length and substrate thickness were varied. Figure 5.1
shows the test variables. This choice of test variables allows investigation of the
effect of bond line thickness, overlap length, substrate thickness and strain rate
on the joint strength.
Crosshead speed (mm/min) 	 1	 10	 100
I	 /\
Overlap length (mm)	 30
I
30 10 30 10
/\ \ /'\ \
Figure 5.1: Single lap joint test variables.
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5.3 Test apparatus and procedure
Single lap joint testing was carried out using the Instron machine described in
the previous chapter. A 100 kN load cell is used. It is set to give 20 kN as full
scale deflection to maximise accuracy.
The clip extensometer, used to measure axial strain in the gauge length of bulk
tensile specimens, is used to measure the deflection of the overlap region of
single lap joints, but first it has to be modified. The span of the extensometer is
smaller than the overlap length in certain configurations of the lap joint, i.e.
when the overlap length is 30 mm. For this reason, an extension block 20 mm
high is attached to one end of the extensometer's arms, and a variable length
extension piece is attached to the other arm (to accommodate the step in the
joint), this allows the proper installation of the extensometer on the joint as
shown in figure 5.2
Figure 5.2: Modified clip extensometer.
Calibration of the extensometer with and without modification was carried out by
mounting it on dummy bars fitted between the jaws of the calibration micrometer
mentioned earlier in chapter 3. No noticeable difference between the readings
of the modified and the original configurations of the extensometer exist as can
be seen from figure 5.3.
The test machine was calibrated in a similar manner to that followed before
when carrying out bulk tensile tests. For the higher crosshead speed, i.e. 100
rrim/min, the MiniPOD interface card was used to capture data in the same way
as explained in chapter 4 for bulk tensile specimens, where a strain signal from
the extensometer was fed into the amplifier unit while force signal was fed
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directly into the data logging card as it's voltage output was within the
operational range of the card.
0	 2	 4	 6	 8	 10	 12
Micrometers reading (mm)
Figure 5.3: Calibration of modified extensometer.
Video microscopy is used to measure deflection in the bond layer itself. This
technique requires surface preparation of the overlap region of the joint to
provide a clear sharp image of the bond layer. A fine emery paper is used to
obtain a "shiny" surface in the overlap region of the joint. No lubrication is used
as it might degrade the adhesive layer itself. A fine line is then scribed across
the bond layer, as shown in figure 5.4, to enable measurement of the shear
angle.
Figure 5.4: Line scribed across the bond layer in a single lap joint.
Page 86
5. Experimental joint testing
The experimental procedure for testing single lap joints can be summarised as
follows:
• The dimensions of the test specimen are first measured. Overlap
length and bond line thickness are measured using the
shadowgraph, substrate thickness and joint width are measured
using a micrometer.
• The load cell is balanced.
• The joint is then mounted between the grips on the test frame. The
extensometer is attached properly to the specimen. The modified
extensometer is used whenever a large overlap joint is tested.
• The crosshead is driven to zero load and the extensometer is
balanced.
• The test and the data logging software are then started. Force,
crosshead displacement and extensometer's deflection are
measured.
For tests when video microscopy was carried out, a similar procedure to the one
mentioned above was followed with the following few additional steps:
• Surface preparation on the overlap region is carried out using a fine
grade emery paper. The dimensions of the joint are then measured.
• After balancing the load cell and mounting the extensonneter, a
conventional CCD camera (Pulnix PE 350, pixel size 8.6x8.3 1.1m. 30
frames per second [105]) mounted on a travelling microscope and
the focus was adjusted to achieve a clear image. A high intensity
cold source illuminator is used to light the overlap region of the joint
and hence giving a better quality captured images. For video
recording, the signal was acquired directly from the CCD camera
into a videocassette recorder (VCR), and thus video clips captured
are in real time. The video in turn was connected to a TV screen to
enable online monitoring of the test. Figure 5.5 shows this
experimental setup.
• On-screen calibration is carried out between the TV's screen and
the actual length of the scribed line in the adhesive region. A 0.7
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mm adhesive thickness on the specimen is equal to 180 mm on the
TV screen.
• Once the test commences, video recording is started and the data
logging software records force, extensometer deflection and
crosshead displacement.
Figure 5.5: Experimental setup for the video microscopy.
5.4 Test results
A total of 60 single lap joints were tested from the four different configurations
mentioned in Chapter 3. Video microscopy was obtained for eight test
specimens; all tests were performed at room temperature. Figure 5.6 shows a
test specimen at the beginning, during and at the end of test carried out at the
higher crosshead speed.
5.4.1 Video microscopy
It was possible to carry out video microscopy for joints tested at the lower
crosshead speed where tests lasted for a reasonable duration of time. A sample
of the captured images is shown in figure 5.7. The black line shown enhances
the line scribed across the bond layer. The images are captured at intervals of
30 seconds. They clearly identify the transition between uniform shearing (270
sec) and localised shear yielding (300 sec) in the adhesive layer.
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Figure 5.6: Captured images during a high crosshead speed test.
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5	 10
150 sec 300 sec
Figure 5.7: Captured images showing deformation of the scribed line in the bond layer.
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For most of the test period, the joint experiences uniform shearing. It is just
before failure when localised yielding occurs in the adhesive layer. Captured
images from the rest of the tests support the same findings.
Shear angle is measured from the captured images. It is the angle relative to
the slope of the line on the interface between the substrate and the adhesive as
illustrated in figure 5.8.
Figure 5.8: Measurement of shear angle in single lap joints.
A typical plot showing the relation between shear angle and load for a number
of single lap joints from configuration A tested at a crosshead speed of 1
mm/min is shown in figure 5.9. Shear modulus, G, measured as the slope of the
linear part of the curve is found. An average value for G was found to be 355
MPa.
5.4.2 Strain rate test results
Strain rate results were obtained from 52 test specimens, covering the full span
of test variables. Load, crosshead displacement and extensometer deflection
readings were collected. Extensometer readings were normalised by dividing
them by the adhesive thickness. Load is also converted into load/unit area by
dividing by the adhesive's overlap area. For the four different configurations of
the single lap joints (figure 5.1), the variation of load/unit area with
extensometer's normalised displacement is shown in figures 5.10 to 5.13.
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Shear Angle (red)
Figure 5.9: Force-shear angle response for single lap joints.
Normalised displacement (mm/mm)
Figure 5.10: Response curves for configuration A of single lap joints.
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Figure 5.11: Response curves for configuration B of single lap joints.
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Figure 5.12: Response curves for configuration C of single lap joints.
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Normalised displacement (mmirrrn)
Figure 5.13: Response curves for configuration D of single lap joints.
5.5 Discussion of results 
The results from video microscopy are of particular interest as they visually
identify the transition between uniform shearing up to the peak point where
failure occurs. Towards failure, the region close to the substrate/adhesive
interface remains mostly intact while the middle region experience most of the
deformation, this might be due to failure of the adhesive in the mid region.
Considering figures 5.10-5-13, where joint displacement is used instead of
shear angle in the bond layer (figure 5.9), it is clear that the same behaviour can
still be seen although exploring shear in the bond layer itself gives better
understanding of the behaviour of adhesive.
Strain rate results indicate that the adhesive used is rate dependent. All tests
were carried out at room temperature, which was recorded for each test. To
illustrate the effect of test variables, i.e. bond line thickness, overlap length and
substrate thickness, the results were combined and presented in figure 5.14.
Zones A, B, C and D defines the four different configurations of the single lap
joints as shown in table 5.1. Also, Al, A2, and A3 represent crosshead speeds
of 1, 10, and 100 mm/min, B1. Cl and D1 are tests carried out at a cross head
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speed of 10 mm/min and finally B2, C2, and D2 are tests carried out at a
crosshead speed of 100 mm/min.
0 1 2 3 4 5 6 7 8 910111213141516171819202122232425262728293031323334353637383940414243444546474849505152
Specimen #
Figure 5.14: Force and joint displacement for all tested single lap joints.
Table 5.1: Single lap joint confgurations (experimental).
Zone A B C D
Bond line thickness (mm) 0.7 0.25 0.25 0.7
Overlap length (mm)
r
30 30 10 30
Substrate thickness (mm) 3.18 3.18 3.18 1.58
Considering zones Al to A3 in figure 5.14, which represents configuration A, it
can be seen that the failure load increases steadily with increasing rate.
Displacement at failure, on the other hand, decreases with the increasing
crosshead speed. Moving to zones B1 and B2 (configuration B), where the
bond line thickness is reduced, the load agE.-.in increases with the increase of
crosshead speed. Again, displacement at failure decreases as test speed
increases. Comparing configurations A and B, it can be seen that displacement
of the joint in configuration B is less magnitude than that in configuration A. It
can be concluded that reducing the bond line thickness results in an increase of
failure load, but a reduction in joint displacements.
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In zones C2 and C3, where the bond line thickness is 0.25 mm and the overlap
length is 10 mm, the effect of rate is still apparent but possibly to a lesser
extent. Joint displacement is also reduced due to the reduction of overlap
length. The same can be said about zones D2 and D3, where, again, rate effect
is clear.
Comparing zones B and C, the level of force/overlap length is noticed to be
higher in zone B, where it might be expected to be lower than its counterpart in
zone C where the adhesive is more fully used because of shorter overlap. This
is possibly due to the fact that the free length of the joint is larger in the case of
the smaller overlap length. This in turn causes the joint to rotate to a higher
extent.
Comparing Zones A and D, the effect of a thinner substrate results in lower
values for the peak load carried by the joint and also less displacement of the
joint at failure. More yielding occurs in the case of the thinner substrate.
The behaviour of a single lap joint is compared with that of a thick adherend
shear test joint in figure 5.15. Both tests were conducted at a crosshead speed
of 1 mm/min (roughly the same nominal strain rate, 1.82 %/sec for the TAST
joint and 1.80 %/sec for the lap shear joint). In this graph, average shear stress
is plotted against shear strain for the lap joint (configuration A at 1 mm/min)
obtained from extensometer deflection with no correction for substrate
displacement. It can be noticed that the TAST joint at this crosshead speed
sustains a higher level of shear load. A reason for this is that at the same
crosshead speed, the time to failure of the lap joint is about three times longer
than the TAST and thus the effective strain rate is higher in the TAST joint.
Also, the localised yielding in the lap joint brings the level of shear stress down.
The figure also shows data obtained from video microscopy. It correlates well
with data obtained from extensometer deflection. Data from video microscopy
was localised and extracted at a distance of 7.5 mm from the edge of the joint
while the extensometer data was taken across the whole overlap length and
included substrate deflection and this accounts for the difference between the
two.
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Figure 5.15: Shear stress, shear strain/shear angle response from TAST and lap joints.
For the purpose of further analysis, strain rates for the tests carried out are
required. These can be obtained in a similar manner to that of bulk tensile and
TAST joint tests, i.e. measurement of the slope of the strain time plots, figures
5.16 to 5.19 show such plots. Initially, some of the cross head displacement
goes into the loading frame and the grips before it goes mostly into the single
lap joint, this is reflected in the strain-time plots where there are two regions: an
initial loading region at increasing strain rate and then a constant rate of strain
following joint yielding.
The crosshead speed can be converted into an approximate strain rate using
equation 5.1.
Crosshead speed (mm/min) Strain rate (%/sec) —
	
	 x100%
	 (5.1)
60 (sec) x bond line thickness (mm)
Table 5.2 shows strain rate values for the tests carried out.
Page 96
O 50 100 150 200 250	 0	 5	 10 15 20 25
Time (sec)	 Time (sec)
1.0
0
2 0.6
to 0.2
15 0.0
0.8 -
0.4 -
N-••
1.0
0.8
.0
0.4
.S
Ta
• 
0.2
z 0.0
108
E 0.7
5 0.8
11 0.5
T.1 0.4
-0 0.3
0.2
E 0.1
Za 0.0
0 1	 2	 2	 3
Time (sec)
1
--10 mm/min
W11/1
IMP
O 5	 10	 15
	
20
• 1.0
E
• 
0.8
2 0.6
cu
0.4
-o
0.2
To
8 0.0
1.2
MI
ARM
JI
FM=
MAIM
0.0	 05	 1.0	 15
	
2.0
1.0
0.8
0.6
0.4
0.2
5. Experimental joint testing
Figure 5.16: Normalised deflection-time plots for configuration A.
Time (sec)	 Time (sec)
Figure 5.17: Normalised deflection-time plots for configuration B.
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Figure 5.18: Normalised deflection-time plots for configuration C.
Figure 5.19: Normalised deflection-time plots for configuration D.
Table 5.2: Strain rate values for single lap joint.
1. Configuration A
Crosshead speed
(mm/min)
Strain rate from crosshead
speed (%/sec)
Strain rate from graph
(%/sec)
1 2.38095 1.8000
10 23.8095 18.580
100 238.095 206.67
2. Configuration B
Crosshead speed
(mm/min)
Strain rate from crosshead
speed (%/sec)
Strain rate from graph
(%/sec) 
19.55510 66.66667
100 666.6667 163.125
3. Configuration C
Crosshead speed
(mm/min)
Strain rate from crosshead
speed (%/sec)
Strain rate from graph
(%/sec) 
24.3749210 66.66667
100 666.6667 243.7495
4. Configuration D
Crosshead speed
(mm/min)
Strain rate from crosshead
speed (%/sec)
Strain rate from graph
(%/sec) 
6.95294710 23.8095
100 238.095 51.170
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Apart from configuration A, there are big differences between strain rate values
obtained from crosshead speed and from strain-time plots. The reason behind
that is the fact that the measured values were taken before the state of constant
strain rate is achieved, due to the quick failure of the test specimens.
5.6 Conclusions 
Video microscopy provided a visual means to explore the deformation of the
bond line behaviour along the overlap length. It identified the transition between
uniform shearing and localised shear yielding in the adhesive.
It was shown that for all the given joint variables, i.e. bond line thickness,
overlap length, and substrate thickness, there was a rate effect. The following
is a summary of these effects:
• Effect of strain rate: Increasing strain rate results in an increase of
failure load on one hand and a decrease of the joint displacement at
failure on the other hand. This is true for all joint configurations. The
rate effect seems to be less apparent when the bond layer thickness
is decreased as well as when the overlap length is decreased.
• Effect of reducing bond line thickness: A reduction in joint
displacement at failure is observed. Load sustained by the joint is
increased as the bond line thickness decreases.
• Effect of reducing substrate thickness: The substrates yield in single
lap joints. This has a bigger effect in thinner joints that carry a lower
level of peak load. Lower values of joint displacement at failure are
also observed.
• Effect of reducing overlap length: Lowering the overlap length
results in lowering the level of peak load and joint displacement. It
also does not eliminate rate effects, but it reduces them as can be
seen in figure 5.14.
TAST joints seem to sustain a higher level of shear load when compared to
single lap joints tested at the same nominal strain rate. The reason behind this
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is that the effective strain rate is higher in the TAST joint since the time to failure
in the single lap joint is about three times higher than it is in the TAST joint.
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CHAPTER SIX
Material
models for
Finite
Element
Analysis
6.1 Introduction 
Use of the Finite element (FE) method is now widespread throughout industry
for the purpose of aiding design. Furthermore, standard FE techniques are used
very effectively for engineering materials.
The FE method calculates displacements and then determines strain and stress
from knowledge of the material properties. Adhesive materials, exhibiting a non-
linear relationship between stress and strain, cannot be modeled using Young's
Modulus and Poisson's ratio alone [106, 107]. Further data are therefore
required. These data were provided by the experimental work carried out and
reported in the previous chapters. It shows that the adhesive system under
investigation is a rate dependent adhesive. This requires a material model that
accommodates rate effects. For this purpose, several material models are
investigated. These include rate dependent von Mises material model,
hydrostatic stress sensitive material model and a user defined material model.
The validity of these models is then assessed by examining their fit to
experimental bulk tensile and thick adherend shear test (TAST) data.
6.2 Processing bulk tensile data 
True stress and true strain values were calculated using equations 4.1 and 4.2
mentioned earlier, in chapter 4. Experimental tests were carried out at three
crosshead speeds only, from which representative data is selected, shown in
figure 6.1. For the purpose of developing a material model, data at a larger
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range of strain rates is required, thus additional data should be derived at strain
rates beyond the experimental ones.
0	 0.05	 01	 0.15
	
02
True Strain (rnmlnyn)
Figure 6.1: Representative true stress-strain curves for bulk material tensile tests.
6.2.1 Initial development
Figure 6.2 shows data from a typical true stress strain curve. Point Y (yield
stress) is defined as the point on the stress-strain curve at which the slope to
the elastic part of the curve starts to depart from linearity. Point K (knee stress)
is defined by bisecting the angle made by two intersecting tangent lines to the
elastic and plastic parts of the stress-strain curve. It was found that the knee
points lay on a line that have the same slope as the Young's modulus. Thus it
seemed reasonable to define further points that lay on a line of the same slope.
Point P (peak stress) is the stress value at failure. Point S 1 and S2 are
intermediate points between knee and yield stress points and peak and knee
stress points, respectively. These points are found from the experimental data
for each strain rate. Values for these stresses are shown in Table 6.1.
Table 6.1: Experimental stress values from bulk tensile tests.
Crosshead Strain rate Yield stress Si Knee Stress S2 Failure stress
(mm/min) (/sec) (MPa) (MPa) (MPa) (MPa) (MPa)
100 0.03423 22.71 33.72 35.98 38.32 48.08
10 0.00435 21.35 27.97 32.53 35.06 43.11
1 0.00043 20.87 24.14 27.75 30.65 38.32
The strain rate was calculated as reported earlier in chapter 4. An average
value of 1467.39 MPa for Young's modulus is used (calculated in chapter 4)
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and the slope of the plastic part of the true stress-true strain curve, C, is 47.11
MPa (figure 6.2). Strain rate values tabulated are the total strain rates.
However, the plastic strain rate is required for further analysis [110]. The total
strain is the defined as:
Et = ee ep	 (6.1)
Where ep and ep are elastic and plastic strains respectively. Similarly, total strain
rate is the sum of both elastic and plastic components of strain rates.
Et = Ce + ep	 (6.2)
0	 0.05	 01	 0.15	 0.2
True Strain (mm/mm)
Figure 6.2: Typical true stress-strain curve for bulk material showing key points.
For finite element analysis, plastic strain and plastic strain rate values are
required and the steady-state values of these are calculated as:
ep = gt(1 —
•
•(	 Cl)e = Et 1 —
The plastic strain rate components are thus calculated. Values are shown in
Table 6.2.
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Table 6.2: Total and plastic strain rates from bulk tensile tests.
Crosshead speed
(m/min)
Total strain rate
(/sec)
Plastic strain rate
(/sec)
1 0.034128 0.033033
10 0.004348 0.004209
100 0.000426 0.000412
A semi logarithmic plot for each set of stress data points (Y, S i , K, S2 and P)
against plastic strain rate yields a linear relationship for each, as shown in figure
6.3. A logarithmic regression for each of these plots gives the relationship
between stress and plastic strain rate at each point. These relationships are as
follows:
Sy = 0.4601 In (4 ) + 24.135 (6.5)
Si = 2.1733 In (4 ) + 40.688 (6.6)
Sk -r- 1.8809 In (4 ) + 42.544 (6.7)
S2 = 1.7509 In (4 ) + 44.407 (6.8)
Sp = 2.2248 In (4 ) + 55.534 (6.9)
For the purpose of calculating strain, corresponding to these five stress points,
at different strain rates, a base curve is defined. Referring to figure 6.2, the
slope of the line connecting any given stress point for different strain rates was
set to be equal to Young's modulus. Thus the total strain at a higher strain rate
(curve 2) could be found from the knowledge of total strain at a lower strain rate
(curve1) as given by the relation:
6 curve2 = 6 cunrel + (Crcurve2 - a curvei)IE 	 (6.10)
Stress at a particular point is defined as:
a=M In (Ep ) + A	 (6.11)
Where M and A are the slope and the constant of the linear relation between
stress and logarithm of plastic strain rate, respectively, as given in equations 6.5
to 6.9.
Combining equations 6.10 and 6.11 and rearranging, total strain corresponding
to each point (Y, S i , K, S2 and P) is then extracted using the equation 6.12.
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0.0001 0.001
	 0.01	 0 1	 1
0.0301 0.001
	 0.01	 01	 1	 0.0001 0.001	 0.01	 0 1	 1
Plastic strain rate Usec)	 Plastic strain rate (Isec)
Knee Stress	 Stress S2
0.0001 0.001	 0.01	 01	 1
Plastic strain rate (Isec)
Failure Stress
Figure 6.3: Strain rate-Stress plots at various points.
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6.2.2 Generated material data 
The stress-strain curve at a plastic strain rate of 0.000412 /sec was chosen to
be the base curve and data is generated based on this. Table 6.3 shows
experimental and generated data for the base curve. After a total strain value of
around 0.2 mm/mm, we do not have any further experimental data because of
failure of the test specimen. However, such failure maybe premature and it is
assumed that the plastic part of the stress-strain curve may continue beyond
that level of strain with the same slope. This enables the generation of extended
data for strain. From shear tests, the maximum shear strain was approximately
0.8 mm/mm (0.462 mm/mm equivalent strain) and thus the range of generated
data has been extended to cover the whole range of shear strains as well as
tensile strains.
Table 6.3: Ex enmental and cienerated data from Base curve.
Point on curve
(figure 6.2)
Total strain
(mm/mm)
Stress (MPa)
(experimental)
Stress (MPa)
(generated)
00 0
Y 0.015 20.67 20.55
S1 0.0195 24.14 23.753
K 0.026 27.75 27.88
S2 0.0369 30.65 30.75
P 0.2 38.32 38.19
Using equations 6.5 to 6.9 and equation 6.12, data for other strain rates can be
generated as shown in table 6.4. A comparison between the experimental and
the generated data is shown in figure 6.4. A very good agreement between the
experimental and generated data exist and thus the generated data will be used
for the purpose of creating a material model for finite element analysis. Figure
6.5 shows generated data for several additional plastic strain rates.
Table 6.4: Generated Stress-strain values for different plastic strain rates
Plastic strain rate
(/sec)
Strain
(mm/mm)
Stress
(MPa)
Plastic strain rate
(/sec)
Strain
(mm/mm)
0
Stress
(MPa)
00.00025 0 0 0.000412
0.014843 20.31891 0.015 20.54867
0.018748 22.66254 0.019487 23.74783
0.025001 26.94372 0.025641 27.88299
0.036327 29.88495 0.036923 30.7593
0.179243 37.0814 0.18 38.19241
0.5 53.23297 0.5 54.81698
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Table 6.4: Generated Stress-strain values for different olastic strain rates continued
Plastic strain rate
(/sec)
Strain
(mm/mm)
Stress
(MPa)
Plastic strain rate
(/sec)
Strain
(mm/mm)
Stress
(MPa)
0.0042087 0 0 0.01 0 0
0.015729 21.81797 0.016000 22.01616
0.022929 28.79872 0.024211 30.67958
0.02862 32.25433 0.029729 33.88213
0.039696 34.82851 0.040728 36.34381
0.183524 43.36299 0.184835 45.28842
0.5 62.14215 0.5 64.85042
0.033033 0 0 0.33033 0 0
0.016375 22.56594 0.017097 23.62536
0.025981 33.27649 0.029391 38.28072
0.031281 36.12965 0.034212 40.4606
0.042155 38.43598 0.044902 42.46759
0.186647 47.94686 0.190139 53.06967
0.5 88.57249 0.5 75.68915
1.9 0 0 100 0 0
0.017645 24.43032 0.019089 26.54916
0.031982 42.08294 0.038803 52.09136
0.036455 43.75126 0.042358 52.41313
0.04699 45.53082 0.052485 53.59401
0.192791 56.962 0.199773 67.20758
0.5 81.04787 0.5 94.95684
True Strain (rnrnrrnm)
Figure 6.4: Experimental and generated data for bulk tensile tests.
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Figure 6.5: Generated data for bulk tensile at various crosshead speeds.
6.3 Rate dependent von Mises material model 
With the data processed as discussed in the previous section, a material model
based on plasticity is developed. The von Mises model is used to define rate
dependent isotropic yielding by giving the value of the uniaxial yield stress as a
function of uniaxial plastic strain rate as well as plastic strain. Isotropic
hardening means that the yield surface changes size uniformly in all directions
such that the yield stress increases in all stress directions as plastic straining
occurs. As the strain rate increases, an increase in yield strength is observed
(figure 6.1) and this is accounted for by defining various sets of curves at
different plastic strain rates.
6.3.1 Bulk FEA
A simple mesh consisting of four eight-node quadratic plane stress elements
was used, figure 6.6. It is subjected to uniaxial loading at constant displacement
rates. The ABAQUS input file was generated by PATRAN and then edited to
enter the rate dependent von Mises material model. Results from this analysis
showed a difference between the anticipated and actual FEA output within the
yielding region (figure 6.7). The difference exists because the input data is not
obtained at a constant plastic strain rate, i.e. at initial yield the actual plastic
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strain rate is lower than the steady state value and thus stresses assigned to a
plastic strain rate in this region are too low. To compensate for this difference,
the input data was modified by multiplying stresses within the yield region by a
factor. Appendix I shows a typical input file. Figure 6.8 shows FEA results
compared to experimental ones. It is clear that the predicted results match the
experimental ones and thus the modification to input data is valid and justified.
— 2 mm
Figure 6.6: Mesh used for bulk material finite element analysis.
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Figure 6.7: Rate dependent model compared to experimental data (original input data).
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Figure 6.8: Rate dependent model compared to experimental data (modified input data).
6.3.2 TAST FEA
An FEA model for the TAST joint was created as shown in figure 6.9. Eight-
noded quadratic elements were used for both the adhesive and the steel
substrate. Four layers of elements were generated across the bond layer.
Because of the size and level of loading, yielding in the substrate did not occur
and thus material properties for steel are defined in terms of Poisson's ratio and
Young's modulus only. The joint was fixed in both directions at one end while
the loading point at the other end was fixed vertically and a 0.75 mm
displacement was applied horizontally. The adhesive layer thickness is 0.75 mm
and the dimensions of the joint are as mentioned earlier in chapter 3.
In FEA, correction for joint rotation should be considered and carried out in
order to give the predicted extensometer's displacement which is not simply the
difference U A-U B (figure 6.10). The overlap region of the joint with the location of
extensometer's measuring points: A, B and C is presented in figure 6.10. Upon
applying the load, the joint will rotate and hence points A, B and C will shift and
rotate to new locations: A', B' and C' respectively as shown in figure 6.11. A
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corrected joint displacement at the measuring points, 8 (which corresponds to
the predicted extensometer displacement), is then calculated using equation
6.13.
8 = L2 sin (e2
 - 01)
	
(6.13)
Boundary conditions
))	
Adhesive layer
Figure 6.9: FEA model for TAST joint.
Carrying out the analysis using the input file (shown in appendix II) based on
bulk tensile data (section 6.3.1), and applying the correction for joint rotation
gives the predicted response of the TAST joints for different crosshead speeds
as shown in figure 6.12. Shear strain was found by dividing the predicted
extensometer reading by the bond line thickness. The predicted extensometer
reading, 8, is corrected for shear in substrate as presented earlier in chapter 4.
It is observed that there is a mismatch between the predicted and experimental
data. There is a mismatch in the hardening slope, which can be adjusted by
modifying the input data for the material model. When developing the material
model, data was generated in a manner to give the same slope for the
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hardening part of the stress-strain curve beyond 20% normal strain. However,
we do not have experimental data beyond that level of strain and thus it is
possible that the slope may change. Such a modification has been investigated.
In the case of TAST joints, the slope was adjusted with the aim of matching the
slopes of the predicted to the experimental data. This was performed through a
series of trials, carrying out the analysis for a certain crosshead speed and
comparing the results. Figure 6.13 shows the final results with the modified
slope for two crosshead speeds.
Figure 6.10: Location of exte..someter's pins.
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Figure 6.11: Displacement and rotation of TAST joint.
0	 0.1	 0.2	 0.3	 0.4	 0.5	 0.6
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Shear strain (rnm/rnm)
Figure 6.12: Predicted and experimental data for TAST joint at various crosshead speeds.
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0	 0.1	 02	 03	 04	 05	 06	 07	 0.8	 09	 1
Shear strain (rnm/rnm)
Figure 6.13: Modified predicted data for TAST joint.
A better matching for the slope is observed, however, the predicted data
underestimate the experimental data. This might be due to:
1. In FEA analysis, plane strain elements were used. Generalised plane
strain elements may better simulate the real joint and it is worth
investigating [108, 109].
2. The adhesive system used in this study, being polymeric, appears to be
hydrostatic sensitive (figure4.21). The Mises yield surface assumes that
yielding is independent of the hydrostatic stress, which makes it
inadequate for predicting the response of this adhesive system. Yield
stresses are higher in shear, thus if hydrostatic stresses are
accommodated, a hydrostatic material model would push the shear
stress-strain curve up in that region and hence gives a better prediction
of the data. Thus, a material model that accommodates for hydrostatic
sensitivity as well as rate effects in the adhesive is then required.
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6.4 Generalised plane strain problem 
Generalised plane strain elements are provided for the modelling of cases
where the structure has constant non zero strains in the out of plane direction or
rotation about the in-plane axis [110]. The resultant field generally contains
three-dimensional stress and strain components, but has only two-dimensional
spatial dependency.
The formulation of these elements involves a model that lies between two
planes that can move with respect to each other and, hence, cause strain in the
out of plane direction of the model that varies linearly with respect to positions in
the planes. The bounding planes can be parallel or at an angle to each other
(figure 6.14).
Location of first extra node
Figure 6.14: Generalised plane strain model [110].
Each generalised plane strain element has three, four, six or eight conventional
nodes, at each of which x and y displacements are stored. These nodes
determine the position of the element in the two bounding planes. Each element
has also two extra nodes that are often the same in all of the generalised plane
strain elements in the model. The first extra node has one degree of freedom
that is the change in length of the out of plane material fibre connecting this
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node and its image in the other bounding plane. This displacement is positive
as the planes move apart thus generating a tensile strain in the axial fibre. The
second extra node has two degrees of freedom that are the components of the
relative rotation about the X and Y-axes in the bounding planes. Positive
rotation about the X-axis causes increasing axial strain with respect to the y-
coordinate in the cross section. Positive rotation about the Y-axis, however,
causes decreasing axial strain with respect to the x-coordinate in the cross
section. From the degrees of freedom at the two extra nodes, the length of the
axial material fibre passing through the point with current coordinates (x,y) in a
bounding plane is define as:
t= to + Auz + A(l)x (11-Y0) — Ail)y (x-X0) 	 (6.14)
Where,
t: the current length of the fibre.
to: the initial length of the fiber passing through the first extra node.
Auz: the displacement at the first extra node.
A(I)x, Ack, : the total values of the components of the angle between the bounding
planes.
Xo, Y0 : the coordinates of the first extra node in a bounding plane.
A pilot study to investigate the generalised plane strain problem is carried out.
First a simple beam problem is investigated to verify the technique; then it is
applied to the TAST joint. Results are then compared to the analysis of a 3D
TAST joint model.
6.4.1 Beam Problem 
A simple beam model was created with boundary conditions to prevent rigid
body motion (figure 6.15) with a constant moment. For the 3D problem, the
strain in the z-direction is calculated using equation 6.15.
Esz = az - v(csy 4-
 ax)	 (6.15)
With E= 200,000 MPa, ax = 300 MPa, az = ay = 0 and v (Poisson's ratio) =
0.3, this yields a value of -4.5E-04 for strain in the z-direction (62).
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Figure 6.15: Beam model for generalised plane strain problem.
(Dimensions: 10 units length and 1 unit high)
For the FE analysis, generalised plane strain elements were used (10-node
biquadratic quadrilateral). Three different analyses were carried out, all with the
same beam geometry and same boundary conditions. The location of the two
extra nodes was varied. For the first analysis the extra set of nodes was at the
geometrical centre of the beam (5,0.5) for the second analysis the extra nodes
were located at the mid-lower edge (5,0) while for the final analysis, the nodes
were located at (2.75, 0.5). In all three cases, unknowns for the extra set of
nodes were not specified. These unknowns specify the strain in the z-direction
as well as rotation within both xy and yz planes.
Results from all three cases were the exactly the same which means that the
location of the extra node is arbitrary and it is not necessary to specify the out of
plane unknown parameters. Figure 6.17 shows these results. Strain in the z-
direction varies linearly from a maximum value of 4.5E-04 to a minimum value
of -4.5E-04, which agrees with the analytical solution.
up_414_5/
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Figure 6.16: FEA results for 1 extra set of nodes.
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Carrying out the same analysis but with two sets of extra nodes (5, 0.25) and (5,
0.75) gives marginally different results (Figure 6.18), where the maximum value
of sz was evaluated as 4.56E-04.
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Figure 6.17: FEA results for 2 extra set of nodes.
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With four extra sets of nodes at (2.5, 0.25), (2.5, 0.75), (7.5, 0.25) and (7.5,
0.75), the results are again slightly different. The strain in the z-direction slightly
loses its linearly across the beam, and the maximum value of ez is now 4.67E-
04 as shown in figure 6.19. The reason behind the variation in the results is due
to the end effects caused by the nature of the applied boundary conditions. A
couple is added at the ends of the beam instead of proper bending moment.
1	 1
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Figure 6.18: FEA results for 4 extra set of nodes.
The generalised plane strain problem did simulate the 3D problem. The number
and location of the extra nodes is arbitrary but should reflect the complexity of
the geometrical model to be analysed.
6.4.2 TAST ioint
The same FEA model for the TAST joint presented earlier (section 6.3.2) was
modified to incorporate extra nodes; furthermore, elastic material properties for
the adhesive and the substrates were used. Two sets of configurations were
considered: The first configuration (gpjointi ) is with 3 sets of extra nodes for the
generalised plane strain problem. One set for each substrate and the third one
for the adhesive. The second attempt (gpjoint2) was with twelve sets of extra
nodes: seven sets for each substrate and two sets for the adhesive.
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Four cases, regarding the unknowns of the extra nodes were explored. The
unknowns are shown in Table 6.5. When the 2nd and 3rd degrees of freedom are
specified as zero in the adhesive layer, the adhesive will experience the same
z-strain, i.e. no rotations (figure 6.14)
Table 6.5: Boundary conditions of the extra nodes for the 2D TAST joint model.
Case Number of
extra nodes
2n° and 3m degrees of freedom of the
second node in the adhesive layer
gpjoint1bc1 3 Zero
gpjoint1bc2 3 Not specified
gpjoint2bc1 12 Zero
gpjoint2bc2 12 Not specified
The results from each analysis are compared to that of a conventional plane
strain element TAST joint problem (section 6.3.2). A plot of the z-strain across
the mid adhesive path length is shown in figure 6.19. The z-strain is equal to
zero in the case of the plane strain problem and is equal to —0.00016 in the
cases gpjoint1bc1, gpjoint1bc2, and gpjoint2bc1. It increases linearly across the
path length till the mid point where it decreases linearly towards the other end of
the adhesive path length for gpjoint2bc2. In this case there are equal and
opposite rotations (Os,) in the two extra node points in the adhesive layer. This
approximates the compressive z strain in the positive peel strain, Cy, region at
the end of the joint and tensile z-strains when the peel strains are compressive
over the mid region.
Figure 6.20 shows the shear stress distribution across the mid plane of the
adhesive layer in the 20 TAST joint model. No significant difference is observed
between the five different cases. A comparison between the 2D model and a 3D
model is required before making any comments on the results obtained,
particularly on the choice of unknown parameters.
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Figure 6.19: Z-strain distribution across mid plane of the adhesive layer (2D TAST joint model)
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Figure 6.20: Shear Stress distribution across mid plane of the adhesive layer (2D TAST joint
model)
6.4.3 3D TAST ioint 
A 3D TAST joint model was created with the boundary conditions shown in
figure 6.21. Twenty-node quadratic brick elements were used in the model, the
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mesh was similar to that of the 2D model (figure 6.9). A static FEA was carried
out with elastic adhesive and substrate material properties.
Figure 6.21: 3D TAST joint model.
The z-strain distribution across the path length (mid plane) of the adhesive layer
and at different depths within that layer are shown in figure 6.22. At z=0, free
edge of the adhesive layer, the z-strain has a parabolic distribution with a
minimum value of —0.005 and a maximum value of 0.015. In the middle (z=10
mm) z-strain has an average value of —0.001.
Path length (mm)
Figure 6.22: Z-strain distribution across mid plane of the adhesive layer in the 3D joint model.
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The shear stress distribution across the adhesive layer is essentially
independent of sections considered within the adhesive layer as shown in figure
6.23. Comparing figures 6.19 and 6.22 shows that the choice of 2 sets of extra
nodes for the adhesive layer represents the real situation at the joint edge better
than only one set of extra nodes. The z-strain distribution at the free edge of
the adhesive layer in the 3D model is qualitatively comparable to that obtained
from the analysis of gpjoint2bc2 (figure 6.19). The level of average shear stress
is the same (figures 6.20 and 6.23) for both 2D and 3D models. However, the
level of maximum shear stress is higher in the case of 2D model. Comparing
the compliance (the reaction force divided by the x-displacement of the mid
adhesive layer) of the 2D and the 3D joint model along the adhesive layer,
figure 6.24 shows that the difference between the 2D-plane strain model and
the generalised plane strain model is only 1.8%. Thus the use of the
generalised plane strain method is not justifiable considering the elongated
computing time and the complexity of the FEA analysis.
0	 2	 4	 6	 8	 10
Path length (mm)
Figure 6.23: Shear stress distribution across mid plane of the adhesive layer in the 3D joint
model.
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Figure 6.24: Compliance of the 2D and 3D joint models along the adhesive layer.
6.5 Hydrostatic stress sensitive material model 
Previous attempts to develop a material model that would successfully predict
response of a TAST joint were not fully successful. The adhesive system used
in this work was shown to exhibit hydrostatic sensitivity. Studies on polymers
reveal that the molecular chain structure generally leads to higher yield stresses
in compression than in tension [104]. Hence, the classical von Mises yield
criterion is not adequate.
Drucker-Prager [25] and Raghava [111] criteria both account for hydrostatic
pressure sensitivity in materials. Raghava criterion is given by:
Ca2yt = 3J2 + (C - 1) ayt 11	 (6.16)
Where I, is the first invariant of the stress tensor and C is the ratio of the yield
stress in compression (ayc) to the yield stress in tension (ay t) corresponding to
the same equivalent plastic strain. J2 is the second invariant of the deviatoric
stress tensor.
The Raghava criterion exists in Abaqus as the "exponent Drucker-Prager"
model and is written as:
aqb — p = pt	 (6.17)
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Where a and b are material parameters and p t is a hardening parameter and q
is the von Mises equivalent stress. The isotropic hardening treats a and b as
constants with respect to stress (figure 6.25). For the special case when b=2,
rearranging and comparing with equation 6.16, the following relationship is
derived:
3(C -1)cryt
n:3),t
Pt= 3(C -1)
The data needed for the exponent model are a, b, NJ (dilation angle) and ayt.
Dilation angle is defined as:
- 3(1- 2v)
tan w 
	
	
(6.20)
2(1+ vp)
Where Vp is the plastic Poisson's ratio (the ratio of the transverse to the axial
plastic strains).
hardening
Figure 6.25: Schematic diagram of hardening for the general exponent model in the p-q plane.
6.5.1 Determination of material parameters 
Elastic properties for the adhesive have been measured and reported earlier.
Poisson's ratio of 0.35 is used, based on other work [7]. The parameter C is
defined as the ratio between the yield stress in compression to the yield stress
in tension corresponding to the same equivalent plastic strain. However, since
shear data is available from TAST joint tests a relation between yield stress at
tension and shear yield stress (Ty) is required. Assuming pure shear loading
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conditions, the stress invariants are: 1 1 = 0 and J2 = ty2, and thus, equation 6.16
could be written as:
To calculate the parameter C the following steps are followed:
1. From corresponding ayt and Eyt values calculate the tensile slope, St:
St = 6)4 I eyt	 (6.22)
2. Calculate the corresponding shear slope Ss:
Ss = St/(2(1+ v)	 (6.23)
3. Determine the values of Ty and 71, such that S=t,/. This ensures that
the shear and tensile data correspond to the same equivalent plastic
strain.
4. Use equation 6.21 to calculate the parameter C.
With all material parameters obtained, the exponent Drucker-Prager matertia
model is applied first to the bulk FEA to predict tensile data and then, upon
success, it is applied to the TAST joint FEA.
6.5.2 Bulk FEA
Since Raghava material model is not implemented for plane stress elements, a
2-dimensional mesh similar to that used earlier for the bulk material (figure 6.6)
cannot be used. Instead, a simple mesh of four 3D-8-node linear brick elements
is considered. Figure 6.26 shows the mesh used for FEA with boundary
conditions.
Data for the material model is the same modified one used for the 2D von Mises
as explained earlier in section 6.3.1. The material constants are shown in table
6.6 and the input file is shown in appendix III. FEA was carried out for three
different strain rates. The predicted results were in a very good correlation with
the experimental ones as shown in figure 6.27. Compared to the von Mises
predictions, the difference between both material models is minimal (figure
6.28) thus there is no preference which model to use. It is when hydrostatic
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effects are apparent as in the case of TAST joints that the Raghava material
model is expected to give a better fit to the experimental data.
Table 6.6: Material oarameters for Ra hava material model
Material constant, a
(equation 6.16)
Exponent, b Dilation angle, ip
(equation 6.20)
0.0387 2 18.435
Figure 6.26: Mesh used for Raghava model in bulk material FEA.
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Figure 6.27: Raghava rate dependent model response compared to experimental data.
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True Strain (nriknrn)
Figure 6.28: Comparison between von Mises and Raghava rate dependent models.
6.5.3 TAST FEA
The same FEA model that was used earlier for von Mises is used for Raghava
material model. Correction for joint rotation has been carried out in the same
way as explained earlier. A pilot FEA using Raghava was first carried out on the
lowest strain rate. The FEA was carried out with a calculated value of material
property "a" of 0.0387 using equation 6.18 for this lowest strain rate. The
predicted results over estimated the experimental values as shown in figure
6.29.
The effect of the material property "a" was investigated and thus the FEA was
repeated for different values, namely, 0.1, 0.0 and 0.06. This is justified as the
TAST shear data is not pure shear and thus equation 6.21 is not completely
true. The best fit was obtained for a value 0.06 but with a mismatch in the
hardening slope and thus another modification was made to the material model
beyond the 20% strain for which there is no bulk tensile experimental data.
Clearly this will not affect the fit of data to the bulk material model but improve
the predicted results for the TAST data as observed in figure 6.29 where the
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last case (designated as Raghava, a=0.06, modified hardening curve) shows a
very good fit to the experimental data. Carrying out the FEA for the other strain
rates with the same material constants yielded another difficulty; convergence
of the numerical solution. The FEA did converge for the second strain rate but
did not for the third and fourth (higher) strain rates. The reasons behind this
problem were investigated, and several methods were attempted to overcome
it. The definition of material data as a scaled version of the base curve rather
than as separate curves was first investigated. It made no difference when
applied to the bulk material but did not solve the convergence problem for TAST
joints. Modifying the TAST joint FE model was also attempted, the elements
making up the adhesive layer were divided into 3 layers; those bordering the
substrate were defined as a rate independent plastic material while the middle
layers (2 rows of elements) were defined as a rate dependent Raghava
material. In this case the FEA did not converge for any strain rates.
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Figure 6.29: Predicted and experimental data for TAST joint using Raghava material model at
the lowest strain rate.
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A final attempt to overcome convergence problem was to modify the input data
in the material model. Instead of providing material data at all strain rates as
done so far, only data in the vicinity of the strain rate at which the FEA was to
be carried out was entered. This prevented ABAQUS from extrapolating to
inappropriate rates. This method helped to converge FEA at all strain rates.
Figure 6.30 shows predicted results for all strain rates.
Compared to von Mises, Raghava material model gives a much better
prediction of stresses (figures 6.12, 6.30), particularly in the yield region, which
is expected for a model that accounts for hydrostatic sensitivity. Up to a shear
strain level of 0.34 mm/mm (0.2 mm/mm equivalent strain) the slope of the
hardening part of the curve is matched by Raghava model, beyond that strain
level, material data was modified to give a better match to experimental data.
The same was done for the von Mises model (figure 6.13)
• 100 mm/min
• 10 mm/min
• 1 mm/min
_
• 0.1 mm/min
—Experimental
—*—Predicted
o
	 0.2
	 0.4	 0.6
	 0.8
Shear strain (rnm/mm)
Figure 6.30: Predicted and experimental data for TAST joint using Raghava material model.
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In spite of the reasonably good fit of the experimental data, FEA carried out with
material data defined at certain strain rates rather than the whole material data
would not be appropriate for the analysis of the single lap joint where the strain
rates will vary widely over the adhesive layer. Thus, all data should be a part of
the material model. Therefore another material model needs to be considered.
6.6 User Defined Model 
Attempts to create a proper material model to predict the response of TAST
joints were not fully successful. Both von Mises and Raghava material models
were accurate in predicting the response of a bulk material test from bulk tensile
data, where hydrostatic sensitivity is not an issue. A tailored Raghava material
model did indeed predict the response of the TAST joints but due convergence
problems this would not be a practical method of analysis.
Considerable success has been reported [28] in predicting the rate dependent
response of adhesively bonded joints using a user defined overstress visco-
plastic material model. Furthermore, can be integrated into ABAQUS FE code
as a user subroutine.
6.6.1 Mathematical formulation 
A multidimensional stress space form of the user model was developed [28]. In
this model, the equivalent plastic strain rate is expressed in terms of the
equivalent stress (a.,q), hydrostatic stress (p), and back stress ((Yb).
-P
a 	(
K asq+K2(3--c111-4)-crb)E N = A[aeci + K2(p - --' -q ) -ab] e	 3	 (6.24)
3
The back stress, ab, is defined as:
ab = Ai .tanh(ki . eel) + Bieeci 	(6.25)
Where the equivalent strain, ceq, is given by equation 6.26.
22
	 2	 2
eel — —
3
(e 11 +6 22 +633)
The equivalent stress, aeq, is given by equation 6.27:
3F 	 2	 2
Crecl = 11— F11 — P) + (0-22 HD) + (a33 —02]2
(6.26)
(6.27)
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And the hydrostatic stress, p, is:
p = (ail +cr22 + a33)/3	 (6.28)
In the case of tension, both ayy and azz are equal to zero. While in pure shear
mode, e. = en, = ezz =0, also, a. = ayy = azz = 0.
6.6.2 Determination of material parameters
The parameters A, A 1 , k, 1(1, k2 and B 1 must be determined before carrying out
the FEA work. It is important to understand the effect of each of the parameters
on the material model.
Equation 6.24 shows that parameter A scales the magnitude of the plastic strain
rate. Parameter A1 controls the value that the back stress will achieve after
sufficient straining as shown in equation 6.25. Parameter k also directly controls
the magnitude of the plastic strain rate (equation 6.24). However, as it is in the
exponential part of the equation, the influence of k is greater than that of A.
Parameter K1 controls the rate at which the back stress reaches its saturation
value and the parameter K2 controls the hydrostatic sensitivity of the model.
Finally, parameter B 1 controls post-yield response of the back stress.
To determine the parameters, it is necessary to use an iterative approach. The
mathematical relations presented earlier were incorporated within a
spreadsheet. The predicted data from the spreadsheet was plotted together
with the experimental data with an initial guess for the parameters. They were
then adjusted to give the best fit to experimental data. Figure 6.31 shows that
results from the spreadsheet fits the experimental data very well. Table 6.7
shows the final values of the material parameters.
Table 6.7: Material øarameters for user model:
A (MPas)-1 K (MPa) 1 A1 (MPa) K1 K2(MPay`s-1 B 1 (MPa)
3e-05 0.36 27 60 0.13 38
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Figure 6.31: Validation of user model.
6.6.3 Implementation of the user model into ABAQUS 
To carry out FE analysis, the user defined model should be integrated in the
finite element analysis code ABAQUS. The user is required to provide a value
of the equivalent plastic strain increment at all the integration points of elements
that use the visco-plastic material:
A&.q=e Peq. At = f(creq, p, 6Pech t) At	 (6.29)
The user is provided with data including the equivalent stress, aec i, the
hydrostatic pressure, p, the equivalent creep strain and the time increment, At.
ABAQUS also provides another user routine (USDFLD) that gives access to
various element dependent variables, such as component stresses, strains, etc.
Thus it is possible to access the component principal strains and hence
calculate the equivalent strain required in equation 6.25. Creep strain
complements are calculated within Abaqus using a flow law based on the von
Mises flow potential. The FE input file and subroutines are shown in appendix
IV.
6.6.4 Bulk FEA
A same mesh shown earlier (figure 6.6) was used again to test the material
model. It is subjected to uniaxial loading at a constant displacement rate. Figure
6.32 shows the predicted response for the bulk material. A very good fit to the
experimental data was achieved.
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R1=1 mm/min, R2=10 mm/min, R3=100 mm/min.
Figure 6.32: User model compared to experimental data.
6.6.5 TAST FEA
Again, the FEA model for the TAST joint is the same one used earlier for von
Mises (figure 6.9). The user model is only based on tensile data up to 20%
equivalent strain. Behaviour beyond this is undetermined and the curve has
been adjusted to fit the extended data range. The modification of this slope is
justified as discussed earlier in section 6.3.2. To implement such a change, the
term for back stress (equation 6.25) can be modified to:
ob = Ai .tanh(ki . Beg) + Bic" — (egg -0.2)(Bi-B2) 	 (6.29)
Where B2 is another material parameter that must be found. A value of 25 MPa
was found to give the best fit to the experimental data (together with the rest of
the parameters) as shown in figure 6.33.
Figure 6.33 shows the predicted results for TAST joint analysis. It is indeed a
much better fit than von Mises and also better than Raghava material model's fit
to the experimental data.
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Figure 8.33: User model prediction for shear stress and shear strain in TAST Joints.
For the highest strain rate a mismatch is observed between the predicted and
the experimental data for all three material model predictions. It is believed that
the accuracy in the data at this high rate of strain was not sufficient and hence
the experimental data might not be fully reliable.
6.7 Concluding remarks 
Tensile material data was successfully derived for strain rates other than that
carried out experimentally. The response of the adhesive beyond an equivalent
strain of 20% is not defined by the tensile data. Data beyond this level can be
found by providing the best fit when compared to TAST joint data.
All three material models presented in this chapter gave a very good fit to the
experimental bulk tensile material data alone. It is when modelling TAST using
bulk tensile data that differences occur.
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Predictions by von Mises material model for TAST joint were not accurate and
underestimated the experimental data. It is suggested that this is because the
von Mises model does not account for hydrostatic sensitivity.
The generalised plane strain model simulates the 3D TAST joint but does not
enhance the solution significantly when compared to plane strain model.
A Raghava material model could accommodate the hydrostatic sensitivity but
encountered convergence problems. These were overcome by using a
restricted material model. However this will not be appropriate for general
analysis of joints.
A user defined material model predicted the response of TAST joints with a
better accuracy than von Mises or Raghava material models. This model will be
used for the analysis of single lap joints in the next chapter.
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PCHAPTER Seven
Analysis of
single lap
joints
7.1 Introduction 
The single lap joint has been the focus of much research work. It simply
consists of two sheets of substrates joined by a simple overlay, which makes it
the most common joint design employed in industry. Furthermore, it is a simple
and convenient test geometry for evaluating adhesive joints. The stress state,
however, is complex since the loads are not collinear. A bending moment must
therefore exist and the joint will rotate (figure 7.1). Thus, the adhesive layer will
no longer be solely in shear, the adherends are no longer in simple tension but
are bent. Further it is quite possible that both the adhesive and the adherend
may have exhibited plasticity, which should be accounted for in finite element
analysis.
(a) Undeformed joint
(b) Deformed joint
Figure 7.1: Rotation of single lap joint.
In the previous chapter, various material models were assessed and it was
shown that the user-defined model was the most successful in predicting the
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response of both experimental bulk tensile material data and thick adherend
shear test joints. In this chapter, the application of the user-defined model and
other models to the single lap joint geometry is investigated.
7.2 Material model for the substrate
The deformation of the single lap joint suggests that the adherends may exhibit
plasticity. If this is the case then assuming that the substrates remain elastic is
not correct and a non-linear material model to describe the response of the
substrates is required. For this purpose, a von Mises rate independent model is
used. This is justified since at the test rates and temperatures used the
substrates exhibit neither hydrostatic nor rate effects.
Experimental material data for the substrates were presented in chapter 4.
Specimens from two different thicknesses each from a different stock, were
tested and it was shown that the mechanical properties of each thickness were
significantly different. Thus, two material models have to be implemented to
represent the different stocks when carrying out the finite element analysis.
For both sets of experimental data, the yield point that corresponds to a zero
plastic strain was 600 MPa. Plastic strain is found by subtracting the elastic
strain from the total strain (equation 6.1). Figure 7.2 shows the resulting curves,
which represent both sets of data. The material model is defined in the input file
for Abaqus in a tabular form as shown in table 7.1.
Table 7.1: Stress- lastic strain mate
Thick substrate
True Stress
(Mpa)
Pl. Strain
(mm/mm)
0.00000600.00
700.00 0.00068
800.00 0.00231
820.00 0.00390
826.67 0.00587
Thin substrate
True Stress
(Mpa)
Pl. Strain
(mm/mm)
0.00000600.000000
700.000000 0.00068
800.000000 0.00140
900.000000 0.00337
937.269000 0.00532
952.029000 0.0072
955.719000 0.00922
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Rastic Strain (rwrimm)
Figure 7.2: Material data for substrates.
7.3 Finite element models for single lao ioints 
In the experimental joint testing, the adhesive layer thickness, the overlap
length and the substrate thickness were varied. Hence, when creating
geometrical models for finite element analysis, these variables should be taken
into account. The actual overlap length and bond line thickness of the
manufactured joints were measured and for each group, an average was
calculated. The geometrical models were then created based on those
dimensions as shown in table 7.2.
Table 7.2 Actual dimensions for the geometrical models
Configuration Overlap length
(mm)
Bond line
thickens (mm)
Substrate
thickness (mm)
Fillets*
A 30 0.66 3.18 Yes
B 30 0.205 3.18 Yes
C 12.28 0.25 3.18 Yes
D 32.55 0.786 1.58 No
* 2 mm, 45° Fillets.
Because of the eccentric loading path of the single lap joint, in which large
deflections of the adherends and the overlap are generated, the geometrical
non-linearities of the joint should be accounted for when carrying out the FEA
analysis.
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The FEA model for the single lap joint was created as shown in figure 7.3.
Eight-node quadratic plane strain elements were used for both the adhesive
and the steel substrate. Four layers of elements were generated across the
bond layer. The joint was fixed at one end in both directions. At the other end
the model was fixed in the vertical (transverse) direction and an in plane
(horizontal) displacement was applied. Spew fillets were created for
configurations A, B and C.
Figure 7.3: FEA model for single lap joint.
Before undertaking any rate dependent analyses, verification of the model was
carried out by running a material linear, geometric non-linear static analysis and
comparing the results with known solutions implemented on a spreadsheet.
Good correlation between the two methods was found.
7.4 User defined material model-Configuration A
With the user-defined material model developed as outlined in the previous
chapter, it is possible to predict the response of the different configurations of
the single lap joints presented in section 7.3. An analysis was carried out for
configuration A, at the lowest rate (1 mm/min). This was achieved by applying a
0.66 mm displacement at one end of the joint (figure 7.3) over a period of 55.55
seconds. Predicted extensometer readings were calculated based on the
location of the measuring points on both the deformed and undeformed joint.
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7. Analysis of single lap joints
Figure 7.4 shows the location of those points on the joint. Thus, the predicted
extensometer reading, 8, is found using equation 7.1.
8= A ' B '—AB
= IAX IA -x03)2 +(Y1A- Y1B )2 - 1/(xoA - XoB )2 + (yoA - Yol3 )2 (7.1)
d(x1B .rial
Figure 7.4: Location of extensometer points on single lap joints.
It can be seen, figure 7.5, that the user-defined model overestimated the
experimental results even though it gave a good prediction of the TAST joint
data (figure 6.33).
Figure 7.5: Predicted response of configuration A-rate1 using user-defined model.
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The predicted displacement of the joint as measured by the extensometer and
that applied at the end of the joint (using crosshead displacement), together
with the experimental data for both cases at the lowest strain rate is shown in
figure 7.6.
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Figure 7.6: Extensometer and end displacement for the single lap joint.
In the analyses carried out so far, a displacement is applied to one end of the
joint while the other is fixed (figure 7.3). This displacement is applied over a
certain period of time and thus it will result in a constant displacement rate. This
does not simulate the actual experimental conditions; which can be seen in
figure 7.6 to be non-linear. This non-linearity arises because the crosshead
displacement is shared between the loading frame and the joint. When the joint
yields, the proportion of displacement absorbed by the load frame decreases
and thus the displacement rate applied to the joint increases.
To carry out a variable displacement rate FE analysis, an arbitrary variation of
the displacement with time is applied. Thus, fractions of the displacement are
applied over different periods of time. Again, configuration A is analysed at the
lowest displacement rate. A displacement of 1.00 mm is applied using the
method mentioned above over a total period of 210 seconds. Figure 7.7 shows
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results from this analysis. Compared to figure 7.6, the accuracy of this method
in predicting the displacement is much better than the constant displacement
rate method of analysis but in terms of predicted stress, figure 7.8, the predicted
response still generally overestimates the experimental data. Interestingly, in
the region of initial yield it produces a better fit. This suggests that the variable
displacement rate FE method has had some beneficial effect. However, at large
displacements, it is still not suitable for predicting the response of the joint.
Time (sec)
Figure 7.7: Variable strain rate displacement predictions for the single lap joint.
The user defined material model overestimated the experimental results for the
two other rates in configuration A (figure 7.10) as well as all other joint
configurations.
7.5 Rate dependent von Mises material model-Configuration A
In chapter 6, it was shown that the von Mises material model underestimated
the response of TAST joints. However, analysis of single lap joints using this
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material model will be carried out to investigate whether it gives a better fit to
the experimental data.
- Bcperimental
-- 0 Redicted
0 	
0.00
	
0.20	 0.40	 0.60	 0.80	 1.00
Normalised displacement (mm/mm)
Figure 7.8: Variable strain rate results using user-defined model.
The loading is applied in the same way as explained previously in section 7.4
This displacement is applied as a ramp over a certain period of time and thus it
results in a constant displacement rate. Again, configuration A is analysed at
the lowest displacement rate (1 mm/min). A displacement of 0.87 mm is applied
over a period of 73.59 seconds rather than 0.66 mm over 55.55 seconds in
order to extend the predicted data. Figure 7.9 shows the results of this analysis.
It is observed that the predicted load-displacement response is more accurate
than the user-defined model. Analysis results from variable displacement rate
are also shown.
Although variable displacement rate analysis gave a better estimate of joint
displacement, it underestimated the response of the joints in terms of load.
Figure 7.10 shows the response of single lap joints for configuration A for all
rates corresponding to crosshead speed of 1, 10 and 100 mm/min. In all cases,
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the user model overestimates the experimental results while von Mises gives a
more accurate prediction.
15
7171
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0
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Figure 7.9: Predicted response of configuration A-rate1 using von Mises model.
Figure 7.10: Predicted response of configuration A.
Page 144
35 0.006
	
1	 30 	 ;
	
0.8 E	 in	 1
E
U) 25
2
	
0.6
E
	75 VO
	
.c	 U) D-
e
	
0 4 Th	 2
C 10
0.2
5
0	 0
- 0.005
10	 20	 30
	
40
Path length (mm)
0	 10	 20	 30
- 0.004
- 0.003
- 0.001
0
40
Path length (mm)
5 4
2
ammoImmimmoms
0	 20
	
40
Path length (mm)
10	 20	 30
Path length (m)
0.18
0.16 "g
0.14
0.12 E
0.08 e.
0.06 .1°0
o.oa
0.02 ET-
ao
0.5
0.4
0.3 E
.c
CD
0.2
.0
0.1 1603
70
so
10
7. Analysis of single lap joints
On the basis of the studies carried out and discussed above, the constant
displacement rate method with rate dependent von Mises material model is
used for all further analyses.
Figure 7.11 shows the variation of von Mises stress across the bond line (mid
plane) for rates 1, 2 and 3 (1, 10 and 100 mm/min respectively) at different
levels of normalised extensometer displacements, 5n (0.025, 0.069, 0.43 and
0.95 mm/mm). The figures also show plastic strain (Epl) across the bond line for
the same values of 811.
S-r1	 S-r2	 • S-r3	 — S-r1	 S-r2 — S-r3
— Epl-r1 — Epl-r2	 Epl-r3	 —l-r1 — Epl-r2 — Epl-r3
(a) tin = 0.025 mm/mm (plastic strain = o)	 (b) 6 = 0.069 mm/mm
S-ri	 -	 S-r2 —S-r3	 •-- S-r1	 S-r2	 S-r3
• Epl-r1 — Epl-r2 — Epl-r3 	 — l-r1 — Epl-r2 —l-r3
(C) tin = 0.43 MM/MM	 (d) tin = 0.95 Mm/mm (failure)
Figure 7.11: von Mises stress and plastic strain along adhesive path length for configuration A.
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An increase in the level of stress is noticed as the analysis progresses
corresponding to an increase in load. To start, the stress distribution across the
mid plane of the adhesive layer is non-uniform but it ends up in more of a
plateau at failure. Below the level of 8n = 0.025 mm/mm, all strains experienced
by the adhesive layer are elastic, after which, the bond layer starts to
experience plastic strain, the level of plastic strain continues to increase and,
like the stress, becomes more uniform with the increase of load.
The von Mises strain variation along the bond mid layer at failure is shown in
figure 7.12. Maximum strains at failure from all three configurations are quite
similar at around 45-50%.
Path length (mtn)
Figure 7.12: von Mises strain across adhesive path length for configuration A.
Strain rate variation across the overlap at different normalised extensometer
displacements is shown in figure 7.13 for all test rates. It can be seen that for
any crosshead rate, the strain rate experienced by the adhesive increases as
the test progresses. This is because as the analysis progresses and the
adhesive yields, more displacement goes into extending the bond line. At low
levels of normalised displacement, the strain rate across the overlap length is
non-uniform, but as the test progresses it becomes more uniform within the
overlap, but drops off at both ends of the joint.
Page 146
(b) 10 mm/min
a,
• 
4.5
0
	
10	 20
	
30
	
40
Path length (mm)
(c) 100 mm/min
4
E 3.5
3
2.5
• 2
.c
?EMO ZZZZZZ ;Tx
• ••••••••••
(13 1.5
• 1
0.5
• 0
7. Analysis of single lap joints
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005
0
0
	
10	 20
	
30
	
40
Path length (mm)
(a) 1 mm/min
0.4
0.35
— 0.3al 0
0.25
E 0.2E
c E 0.15
E 0.1
0.05
0
0
	
10
	
20
	
30
	
40
Path length (mm)
Figure 7.13: Strain rate (shear) variation for configuration A.
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7. Analysis of single lap joints
Stress distribution in the substrates at failure is shown in figure 7.14. The levels
of stress suggest that the substrate experienced yielding (yield stress=600
MPa), which justifies the use of the von Mises plasticity model for them.
(c) 100 mm/min
Figure 7.14: von Mises stress in the substrate for configuration A at failure.
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The length of the plastic zone, defined as the path at which the substrate is
plastic, grows from 9.2 mm in rate1 to 14.2 mm in rate3. This is consistent with
the increase in failure loads caused by increasing the test rate.
7.6 Von Mises material model — Configuration B 
The analyses were carried out using the rate dependent von Mises material
model for configuration B. In this configuration the bond line thickness is
reduced from 0.66 mm (in configuration A) to 0.205 mm, the overlap length and
the substrate thickness are kept the same. The analyses give an accurate
prediction of the experimental data for both crosshead speeds (10 and 100
mm/min respectively) as shown in figure 7.15.
The variation of von Mises stress across the bond line (mid plane) for rates 2
and 3 (10 and 100 mm/min respectively) at different levels of normalised
extensometer displacements, 8 11 is shown in figure 7.16. Also shown are the
plastic strain variations across the bond line.
Compared with configuration A, where all other variables but the bond line
thickness remain the same, a marginal reduction in the level of sustained stress
is observed in case B. Moreover, at a strain level of 0.57 mm/mm in case B,
compared to a level of 0.43 mm/mm in case A, the stresses and strains are
more non-uniform.
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Figure 7.15: Predicted response of configuration B.
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Figure 7.16: von Mises stress and plastic strain along adhesive path length for configuration B.
The level of von Mises strain experienced by the joint at failure is also lower as
shown in figure 7.17. Data for rate2 (10 mm/mm) was extracted at a value of 8n
= 0.91 mm/mm, while for rate3 (100 mm/min) it was extracted at a level of 8n =
0.987 mm/mm.
Compared to configuration A, lower levels of yielding at failure are experienced
by the substrate for rates 2 and 3 as shown in figure 7.18. The lengths of the
plastic zone are 7.7 mm for rate2 and 11.79 mm for rate3.
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Figure 7.17: von Mises strain across adhesive path length for configuration B.
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Figure 7.18: von Mises stress in the substrate for configuration B at failure.
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Strain rate variation across the bond line at failure is shown in figure 7.19. It is
increasing and becoming more uniform in the centre region as the test
proceeds.
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Figure 7.19: Strain rate (shear) variation for configuration B.
7.7 Von Mises material model — Configuration C
For configuration C, in which the overlap length is reduced to 10 mm, while the
bond line thickness is 0.25 mm, the FE predictions considerably overestimated
the experimental data as shown in figure 7.20. A suggested reason for this
phenomenon is that in the actual experimental testing, the fillets fail prior to the
ultimate load.
Page 152
45
40
35
30
25
20
15
10
Oä-
5
0.00
Experimental
o
—1	 10 e
•
Experimental
Predicted 5
0
0 z, Predicted
0.50	 1.00	 0.00
	
0.50	 1.00
7. Analysis of single lap joints
Normalised displacement (mm/mm) 	 Normalised displacement (mm/mm)
Figure 7.20: Predicted response of configuration C for rates 2 and 3.
In configurations A and B, the suggestion that fillets might have failed prior to
the ultimate load would have much less effect on the predicted loads since the
overlap length is three times higher than in configuration C and thus the fillet is
much less significant. Figure 7.21 shows von Mises strain distribution in the
fillet for configurations A, B and C at a normalised odensometer displacement
of 0.88 mm/mm (corresponding to failure of joint C at rate 2). Comparing B and
C in which the bond line thickness is roughly the same, von Mises strain level is
higher in the case of configuration C. In Case A, where the bond line thickness
and overlap length are three times that of C, the strain level is higher.
To investigate the validity of fillet's failure, another FE model for configuration C
was created without including the fillets. Results from this (figure 7.22) showed
an accurate prediction of the experimental data. This supports the suggestion
that the fillets were damaged before reaching the ultimate load.
The variation of von Mises stress along the bond line (mid plane) for rates 2 and
3 (10 and 100 mm/min respectively) at different levels of normalised
extensometer displacements, ön is shown in figure 7.23. Plastic strain variation
across the bond line is shown in the same figure.
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(3) Configuration C, iin = 0.88 mm/mm (rate 2)
Figure 7.21: von Mises strain distribution across the fillet for configurations A, B and C.
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Figure 7.22: Predicted response of modified configuration C for rates 2 and 3.
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Figure 7.23: von Mises stress and plastic strain along adhesive path length for configuration C.
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Compared to configuration B, where all variables but the overlap length remain
the same, configuration C results shows an increase in the level of sustained
stress. This is due to the increase in strain rate as shown in figures 7.24 and
7.19. The level of von Mises strain experienced by the joint is higher as shown
in figure 7.25.
0
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Figure 7.24: Strain rate (shear) variation for configuration C.
Figure 7.25: von Mises strain across adhesive path length for configuration C.
The level of stress in the substrates is well below yielding for both rates (length
of plastic zone =0). The adhesive layer exhibits most of the plastic flow in the
joint, and this would be further evidence supporting the suggestion that the
fillets might have failed prior of reaching failure load as presented earlier.
Page 156
7. Analysis of single lap joints
Strain rate variation across the bond line at failure is shown in figure 7.24. Again
the strain rate continues to increase and becomes more uniform as the test
progresses.
7.8 Von Mises material model — Confiouration D 
Figure 7.26 shows the results for configuration D, in which a thinner substrate is
used, with the appropriate material data.
The FE predictions slightly underestimated the experimental data; this might be
due to the higher level of substrate deformation, which affects the predicted
readings for extensometer displacement.
The variation of von Mises stress and plastic strain along the bond line (mid
plane) for rates 2 and 3 (10 and 100 mm/min respectively) at failure is shown in
figure 7.27.
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Figure 7.28: Predicted response of configuration D for rates 2 and 3.
Comparing configurations A and D, where all variables but the substrate
thickness remain the same, a decrease in the level of sustained stress is
observed in configuration D. The level of von Mises strain experienced by the
joint (figure 7.28) is lower in case D.
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Figure 7.27: von Mises stress across adhesive path length for configuration D.
Considering stress in the substrates (figure 7.29), the level of von Mises stress
suggests that the substrates have yielded and undergone plastic deformation.
The length of the plastic zone is 11.27 for rate2 and 11.88 for rate3. However,
when comparing the deformation, it is clear that configuration D undergoes
much more extensive deformation than configuration A (figure 7.30)
Strain rate variation across the bond line at failure is shown in figure 7.31.
Again, it is clear that the rate increases and becomes more uniform as the test
progresses.
Page 158
0.2
0.18
— 0.16
E 0.14
E 0.12
••••n•,
0.06
0.04
0.02
— rate2, 0.358 runirnm
rate3, 0.340 rnm/rnm
Plastic Zone
(1 1. 27 trim)
•nnn••
CBI
7. Analysis of single lap joints
5	 10	 15	 20
	
25
	
30
	
35
Path length (rnrn)
Figure 7.28: von Mises strain across adhesive path length for configuration D.
111-1	
r-r----	 r --#
(a) 10 mm/min
Plastic Zone
(11.88 rnm•
CAP
•
(b) 100 mm/min
Figure 7.29: von Mises stress in the substrate for configuration D at failure.
Loa	
Page 159
J 88-034
' •
0.8
0.7
E 0.6
E 0.5
co°, 0.4
.c
2. 0.3
0.2
CU
re
0.1
(73 0.0
7. Analysis of single lap joints
(a) Configuration A
11000n00°"""411116	 ,ost
	
7
t0-111P.'-
11.40-001
(b) Configuration D
Figure 7.30: Deformation of configuration D compared to configuration A (same scale, at 100
mm/min).
0.09
S 0.08
0.07
E 0.06
0.05
.c 0.04
cn
0.03
11-2 0.02
'6 0.01
65 0.00
0 10	 20	 30
Path Length (mm)
40	 0	 10	 20	 30
Path Length (mm)
(a) 10 mm/min	 (b) 100 mm/min
Figure 7.31: Strain rate (shear) variation for configuration D.
Page 160
0.6
—e- an
• ar2 -
ar3
br2
• br3
o cr2
cr3
dr2
dr3
-"e- 0.5
E 0.4E'
El 0.3
7. Analysis of single lap joints
7.9 Joint Strength prediction 
The response of the single lap joints was predicted accurately using the von
Mises rate dependent material model. The next step in successful simulation
would be to find a criterion that determines when the joint fails. This is a large
subject area and many approaches have been presented in the literature. In this
research, only one approach will be investigated, that of strain at a distance (in
this case on the adhesive mid-plane). Recommendations for future
investigations will be made in the next chapter.
Combining figures 7.12, 7.17, 7.25 and 7.28 as shown in Figure 7.32, allows
comparison and further analysis of the joints to predict joint strength. Values for
maximum von Mises strain across the mid-plane bond layer are shown in Table
7.3.
Table 7.3: Values for von Mises strain at a distance and failure load for the different
confi urations of the sin le laD ioint.
Configuration Strain rate
(%/sec)
Von Mises
strain (mm/mm)
Failure Load/overlap length
(N/mm2)
A 1.8 0.473 30.84
A 18.58 0.452 33.606
A 208.67 0.494 37.5058
B 19.55 0.399 32.853
B 183.13 0.372 35.657
C 24.37 0.533 31.371
C 243.75 0.451 33.93
D 6.95 0.178 24.638
D 51.17 0.164 25.339
0	 5	 10	 15	 20	 25
	
30	 35	 40
Path length (mm)
Figure 7.32: von Mises strain variation across the bold line or all configurations.
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A plot between load (reaction load measured at the end of the joint) and von
Mises strain at the points at which maximum von Mises strain occurs is shown
in figure 7.33 for all joint configurations. Failure points are characterised by the
red circles. Excluding configuration D, It is observed from figure 7.33 that the
von Mises strain at failure is in the range of 0.372 to 0.533 mm/mm. The load at
failure is in the range 30.691 to 37.578. This zone is enclosed by the black box
in the figure, which would be a ufailure" zone. Configuration D experienced the
lowest strain across the bond line and it is the only configuration where high
levels of yield occur in the substrates. It is suggested that a different failure
mechanism might apply in this case and thus it will not be considered with
configurations A, B and C.
LoadfUnit area (Mora)
Figure 7.33: Failure zone for the joint configurations A. B and C.
The design zone might well serve as a criterion for joint strength. In other
words, the joint would be within a safe range of operation as long as the von
Mises strain experienced at the mid plane of the bond line is below the failure
zone. Alternatively, an average failure strain of 0.453 mm/mm (average of 0.533
mm/mm from configuration C at a rate on 24.37 %/sec and 0.372 mm/mm from
configuration B at a rate of 163.13 %/sec) might be used as a joint strength
criterion. Table 7.4 shows the predicted failure loads for the different
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configuration corresponding to this value of von Mises failure strain. The
percent error between the predicted failure loads as found by FE analysis and
the prediction at the average von Mises failure strain is quite small which
justifies the use of such value.
Table 7.4: Predicted failure loads at 0.453 von Mises failure strain.
Configuration Strain
rate
(%/sec)
Predicted failure load
@ 0.453 mm/mm
(N/mm2)
Failure
Load
(N/mm2)
% Error
A 1.8 30.696 30.84 0.4669
A 18.58 33.217 33.606 1.1575
A 206.67 37.131 37.5058 0.9993
B 1955. 34.695 32.853 5.6067
B 163.13 38.348 35.657 7.5469
C 24.37 31.304 31.371 0.2135
C 243.75 34.261 33.93 0.9755
7.10 Concluding remarks 
The user-defined model together with a constant rate of displacement
overestimated the experimental failure load. This constant displacement rate
does not simulate the real experimental situation. A variable displacement rate
occurs because of the compliance of the loading train. This provides a better
prediction of overlap extension but not of failure loads.
Despite its failure to accurately predict the response of TAST joints, the rate
dependent von Mises material model predicted the response of single lap joints
with a good accuracy. A possible reason for that is the less dominant effect of
the hydrostatic pressure in the case of single lap joints.
Strain rate plots along the bond line (mid plane adhesive) do not vary linearly
with time because, during loading, the proportion of displacement going into the
substrate and the adhesive layer vary. This is shown in figure 7.34 (data
extracted from configuration C at 10 mm/min at element 411 shown in figure
7.35). The first change in strain rate is due to yielding in the bond layer while the
second is due to yielding in the substrate itself.
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Figure 7.34: Variation of strain rate with time across the bond line.
Generally, a good correlation was found between the experimental and
predicted data for all joints. In joint C the assumption that the fillets might have
failed prior reaching the ultimate load was verified by investigating the level of
strain in the fillet and comparing it with that of fillets in configurations A and B.
411
Figure 7.35: Location of element 411 within the bond layer (configuration C).
Thinner substrates experienced more yielding than the thicker ones. Much more
deformation occurred in the thinner substrates.
With the exception of configuration D, it would appear that joint failure can be
predicted when the maximum strain on the mid-plane of the adhesive layer is
0.453 mm/mm.
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CHAPTER Eight
Conclusions &
future work
8.1 Introduction 
In this work, the rate dependent response of adhesively bonded structures was
investigated and successfully modelled. The main findings of this research are
reviewed and discussed in this chapter. Suggestions for possible areas of future
work are presented, based on the knowledge and ideas encountered and
discussed throughout this research.
8.2 Concluding remarks
Initially, during the process of preparing test specimens, good quality specimens
were made. For bulk tensile specimens, the preparation procedure was
constantly reviewed and modified. In TAST joints, the control of overlap length
and adhesive thickness was achieved by using machined. For lap joints, the
good quality of the specimens was achieved by means of using oversized
spacers.
Material data were colleted by means of bulk tensile and TAST joint tests.
Results showed that the adhesive system in use (LMD1142) is sensitive to
hydrostatic pressure and is rate dependent; the flow stress has been shown to
be logarithmically dependent on the strain rate.
Validation joint testing has been carried out on instrumented single lap joints.
The deformation of the bond line was explored by means of video microscopy. It
identified the transition between uniform shearing and localised shear yielding.
Parameters such as adhesive thickness, overlap length and substrate thickness
were varied. For any joint configuration, the increase of strain rate resulted in
an increase in the failure load and a decrease in the displacement at failure.
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When the adhesive thickness is reduced, a reduction in joint displacement at
failure is observed. However, load sustained by the joint is increased. The
yielding of substrate has a big impact in the case of thinner substrates; lower
levels of sustained load and displacement at failure were observed. Reducing
the overlap length results in a reduction of rate effects and in lowering the level
of peak load and joint displacement.
TAST joints were found to sustain higher levels of shear load when compared to
lap joints tested at the same nominal strain rate since the effective strain rate is
higher in the TAST joint and more importantly, peel stress is minimised in the
TAST joint.
An empirical model was created using the experimental data from bulk tensile
and TAST joint tests. This model consisted of stress at selected points that was
expressed analytically in semi logarithmic functions of strain rate. A function for
strain in terms of strain rate was also derived. The empirical model correlates
extremely well with the experimental data produced.
Three adhesive material models for finite element analysis were investigated.
The rate dependent von Mises plasticity model, which does not account for
hydrostatic sensitivity, could not fully predict the response of TAST joints using
bulk tensile data. Analysis was carried out on a 3D TAST joint model. It showed
a significant variation in the z-strain, ez, but little effect on the in-plane adhesive
stresses. To simulate the 3D TAST joint, generalised plane strain elements in
conjunction with the rate dependent von Mises plasticity model were used.
Results from such analysis did not enhance the solution significantly when
compared to the conventional plane strain elements and thus this approach was
not pursued further.
A material model that accommodates the observed hydrostatic sensitivity in the
adhesive system was investigated. A Raghava material model was used and
material parameters were found from the experimental material data. This
model successfully predicted the response of bulk tensile data, but encountered
convergence problems when applied to TAST joints at higher rates.
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Nevertheless, it successfully predicted the response of the TAST joints when
tested at low strain rates.
A user-defined, hydrostatically sensitive material model was then pursued. It
predicted the response of TAST joints with a better accuracy than even the
Raghava model and did not encounter any convergence problems. Material
parameters for this model were found using an iterative approach.
The user-defined material model could not fully predict the response of single
lap joints. Both constant and variable rate of displacement were applied to the
joint. The former does not simulate the real experimental conditions while the
latter does. It provided a better prediction of overlap extension but not of failure
loads.
Rate dependent von Mises plasticity was found to give a better prediction of the
experimental single lap joint data, possibly because of the less dominant effects
of the hydrostatic pressure in this case.
The variation of strain rate across the overlap length showed that it is not
uniform at the start of the test but continues to increase and to become more
uniform as the test progresses.
A failure zone was characterised for the different joint configurations. Values for
the von Mises strain (on the mid plane of the adhesive layer) should be lower
than this zone; otherwise, the joint is likely to fail.
8.3 Future work
During the course of this research, it has become apparent that there are many
interesting new avenues of research appertaining to this field, which certainly
warrant further investigation.
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The experimental investigation could be extended to obtain material data at
different levels of strain rate, particularly at lower levels. Generated material
data could be then compared to that presented in this work. Test variables of
single lap joints might be expanded to include more configurations with different
adhesive thicknesses, and overlap length. An extensive range of data on the
effect of substrate thickness could be provided, and thus enabling a better
understanding for the behaviour of thin joints.
Using the data available in this work, a more detailed study into the failure
mechanisms could be carried out. It could be also used to develop a failure
criterion.
The relevance of the user-defined model to joints could be investigated.
Analyses of alternative adhesive joint geometries should be carried out in
conjunction with the user-defined model to investigate if the findings are similar
to those of this research (i.e. overestimating the experimental data). Also,
applying the von Mises rate dependent model to other adhesive joint
geometries.
The use of video microscopy to investigate the behaviour of the bond line in
single lap joints could be more integrated in a way that data can be recorded
accurately and used as another means of measuring shear strains in the bond
layer.
This work is a base for characterising the rate dependent response of adhesive
structures. Application into creep and low frequency creep-fatigue, being the
most common service loads, should be carried out next.
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APPENDIX I
ABAQUS input file for the bulk material FEA using the von Mises rate
dependent material model 
*HEADING, SPARSE
ABAQUS job created on 29-Mar-00 at 15:01:20
*NODE
1, 0., 0.
2, 0.5, 0.
3, 1., 0.
4, 1.5, 0.
5, 2., 0.
6, 0., 0.5
7, 1., 0.5
8, 2., 0.5
9, 0., 1.
10, 0.5, 1.
11, 1., 1.
12, 1.5, 1.
13, 2., 1.
14, 0., 1.5
15, 1., 1.5
16, 2., 1.5
17, 0., 2.
18, 0.5, 2.
19, 1., 2.
20, 1.5, 2.
21. 2., 2.
*ELEMENT, TYPE = CPS8, ELSET=ADHESIVE
1,
10,
2,
12,
3,
18,
4,
20,
1,
6
3,
7
9,
14
11,
15
3,
5,
11,
13,
11,
13,
19,
21,
9,
11,
17,
19,
2,
4,
10,
12,
7,
8,
15,
16,
**Adhesive
*SOLID SECTION, ELSET =ADHESIVE, MATERIAL=LMD1142
**LMD1142
*MATERIAL, NAME=LMD1142
*ELASTIC, TYPE=ISO
1467.39,
*PLASTIC
0.35
24.38268931, 0
25.68421417, 0.003303458
28.02147091, 0.006639264
30.73880416, 0.015961163
37.08139836, 0.17397256
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46.35174795, 0.577350269
*PLASTIC, RATE= 0.000412
	
24.6584036,
	 0
26.91420855, 0.003303458
28.99831405, 0.006639264
31.63813934, 0.015961163
38.19240527, 0.17397256
47.74050659, 0.577350269
*PLASTIC, RATE=0.004209
25.94156714, 0
32.63855453, 0.003303458
33.54450401, 0.006639264
35.82361028. 0.015961163
43.36298820, 0.17397256
54.20373525, 0.577350269
*PLASTIC, RATE=0.01
26.41939344, 0
34.77019479, 0.003303458
35.23742081, 0.006639264
37.38220202, 0.015961163
45.28841737, 0.17397256
61.37626704. 0.577350269
*PLASTIC, RATE=0.033033
27.07912819. 0
34.20000000, 0.003303458
37.57483099, 0.006639264
39.53414958, 0.015961163
47.94685736. 0.17397256
64.90832086 0.577350269
*PLASTIC, RATE=0.33033
28.35043704, 0
38.00000000, 0.003303458
42.07902029, 0.006639264
43.68095243. 0.015961163
53.06967108, 0.17397256
71.66806164, 0.577350269
*PLASTIC, RATE=1.9
29.31638037. 0
39.60000000. 0.003303458
45.50131349, 0.006639264
46.8317026, 0.015961163
56.96199653. 0.17397256
62.65819618. 0.77350269
** Step 1, Default Static Step
** LoadCase, Default
*STEP, INC=300
*STATIC, DIRECT
10, 485.4368932
** left disp.
*BOUNDARY, OP=NEW
6, 1„	 0.
9, 1„
	 0.
14, 1„	 0.
17, 1„	 0.
** lower disp
*BOUNDARY, OP=NEW
1, 1„	 0.
1, 2„	 0.
2, 2„	 0.
3, 2„	 0.
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4, 2„	 0.
5, 2„	 0.
** right disp
*BOUNDARY, OP=NEW
21, 1„	 0.4
16, 1„	 0.4
13, 1„	 0.4
8, 1„	 0.4
5, 1„
	 0.4
*NODE PRINT, FREQ=1
U,
*NODE FILE, FREQ=1
U,
*EL PRINT, POS=NODES, FREQ=1
S,
E,
*EL FILE, POS=NODES, FREQ=1
S,
E,
*EL PRINT, POS=NODES, FREQ=0
*EL FILE, POS=NODES, FREQ=0
*EL PRINT, POS=CENTR, FREQ=0
*EL FILE, POS=CENTR, FREQ=0
*EL PRINT, POS=AVERAGE, FREQ=0
*EL FILE, POS=AVERAGE, FREQ=0
*MODAL PRINT, FREQ=99999
*MODAL FILE, FREQ=99999
*ENERGY PRINT, FREQ=0
*ENERGY FILE, FREQ=0
*PRINT, FREQ=1
*END STEP
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ABAQUS input file for the TAST joint FEA using the von Mises rate dependent
material model 
*HEADING, SPARSE
ABAQUS job created on 30-Mar-01 at 14:17:52
*NODE
1, 0., 8.
2, 5.50096, 8.
3, 11.0019, 8.
4, 15.8351, 8.
5, 20.6682, 8.
6, 24.9147, 8.
7, 29.1611, 8.
8, 32.892, 8.
9, 36.623, 8.
10, 39.901, 8.
(not all nodes are shown here to reduce file length)
*ELEMENT, TYPE=CPE8, ELSET=ADHESIVE
193,
865,
194,
867,
195,
869,
196,
876,
197,
878,
198,
880,
801,
860
848,
861
850,
862
864,
871
866,
872
868,
873
848,
850,
852,
866,
868,
870,
866,
868,
870,
877,
879,
881,
864,
866,
868,
875,
877,
879,
847,
849,
851,
865,
867,
869,
861,
862,
863,
872,
873,
874,
(not all elements are shown here to reduce file length)
*ELEMENT, TYPE=CPE8, ELSET=SUBSTRAT
1,
25,
2,
27,
3,
29,
1,
16
3,
17
5,
18
3,
5,
7,
26,
28,
30,
24,
26,
28,
2,
4,
6,
17,
18,
19,
(not all elements are shown here to reduce file length)
** Adhesive
*SOLID SECTION, ELSET =ADHESIVE, MATERIAL=LMD1142
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1.,
** Substrate
*SOLID SECTION, ELSET =SUBSTRAT, MATERIAL=STEEL
1 •,
** Steel
*MATERIAL, NAME=STEEL
*ELASTIC, TYPE=ISO
200000.,	 0.3
** LMD1142
*MATERIAL, NAME=LMD1142
*ELASTIC, TYPEASO
1467.39,
*PLASTIC
0.35
24.38268931, 0
25.68421417, 0.003303458
28.02147091, 0.006639264
30.73880416, 0.015961163
37.08139836, 0.17397256
40.7895382, 0.577350269
*PLASTIC, RATE= 0.000412
24.6584036, 0
26.91420855, 0.003303458
28.99831405, 0.006639264
31.63813934, 0.015961163
38.19240527, 0.17397256
42.0116458, 0.577350269
*PLASTIC, RATE=0.004209
25.94156714, 0
32.63855453, 0.003303458
33.54450401, 0.006639264
35.82361028, 0.015961163
43.36298820, 0.17397256
47.69928702, 0.577350269
*PLASTIC, RATE=0.01
26.41939344, 0
34.77019479, 0.003303458
35.23742081, 0.006639264
37.38220202, 0.015961163
45.28841737, 0.17397256
49.81725911, 0.577350269
*PLASTIC, RATE-0.033033
27.07912819, 0
34.20000000, 0.003303458
37.57483099, 0.006639264
39.53414958, 0.015961163
47.94685736, 0.17397256
52.7415431, 0.577350269
*PLASTIC, RATE=0.33033
28.35043704, 0
38.00000000, 0.003303458
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42.07902029, 0.006639264
43.68095243, 0.015961163
53.06967108, 0.17397256
58.37663819, 0.577350269
*PLASTIC, RATE=1.9
29.31638037, 0
39.60000000, 0.003303458
45.50131349, 0.006639264
46.8317026, 0.015961163
56.96199653, 0.17397256
62.65819618, 0.577350269
*PLASTIC, RATE-10
30.23330328, 0
39.6, 0.003303458
48.74992959, 0.006639264
49.82255613, 0.015961163
60.65679131, 0.17397256
66.72247044, 0.577350269
*PLASTIC, RATE=100
31.50460656, 0
39.6, 0.003303458
53.25409919, 0.006639264
53.96934084, 0.015961163
65.77958263, 0.17397256
72.35754089. 0.577350269
** Step 1, Default Static Step
** LoadCase, Default
*STEP, INC=300
This load case is the default load case that always appears
*STATIC
0.2, 52.72
*NSET, NSET=FIXED
3,
*NSET, NSET=DISPL
234,
** Fixed
*BOUNDARY, OP=NEW
FIXED, 1„	 0.
FIXED, 2„	 0
** Displ
*BOUNDARY, OP=NEW
DISPL, 1„	 0.75
DISPL, 2„	 0.
*CLOAD, OP—NEW
*DLOAD, OP—NEW
*NODE PRINT, FREQ=0
U,
RF,
*NODE FILE, FREQ=1
U,
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RF,
*EL PRINT, POS=INTEG, FREQ=0
S,
E,
*EL FILE, DIR=YES, POS=INTEG, FREQ=1
S,
E,
*EL PRINT, POS=NODES, FREQ=0
*EL FILE, DIR=YES, POS=NODES, FREQ=0
*EL PRINT, POS=CENTR, FREQ=0
*EL FILE, DIR=YES, POS=CENTR, FREQ=0
*EL PRINT, POS=AVERAGE, FREQ=0
*EL FILE, POS=AVERAGE, FREQ=0
*MODAL PRINT, FREQ=99999
*MODAL FILE, FREQ=99999
*ENERGY PRINT, FREQ=0
*ENERGY FILE, FREQ=0
*PRINT, FREQ=1
*END STEP
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ABAQUS input file for the bulk material FEA usinq the Radhava rate dependent
material model 
*HEADING, SPARSE
ABAQUS job created on 22-Feb-01 at 14:18:10
*NODE
1,
2,
3,
4,
5,
6,
7,
8,
9,
10,
0.,
1.,
2.,
0.,
1.,
2.,
0.,
1.,
2.,
0.,
0.
0.
0.
1.
1.
1.
2.
2.
2.
0., 1.
11, 1., 0., 1.
12, 2., 0., 1.
13, 0., 1., 1.
14, 1., 1., 1.
15, 2., 1., 1.
16, 0., 2., 1.
17, 1., 2., 1.
18, 2., 2., 1.
19, 0., 0., 2.
20, 1., 0., 2.
21, 2., 0., 2.
22, 0., 1., 2.
23, 1., 1., 2.
24, 2., 1., 2.
25, 0., 2., 2.
26, 1., 2., 2.
27, 2., 2., 2.
*ELEMENT, TYPE=C3D8, ELSET=LMD1142
1,
14,
2,
15,
3,
17,
4,
18,
5,
23,
6,
24,
7,
26,
8,
27,
1,
13
2,
14
4,
16
5,
17
10,
22
11,
23
13,
25
14,
26
2,
3,
5,
6,
11,
12,
14,
15,
5,
6,
8,
9,
14,
15,
17,
18,
4,
5,
7,
8,
13,
14,
16,
17,
10,
11,
13,
14,
19,
20,
22,
23,
11,
12,
14,
15,
20,
21,
23,
24,
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**LMD1142
*SOLID SECTION, ELSET = LMD1142, MATERIAL=ADHESIVE
1.,
**Adhesive
*MATERIAL, NAME=ADHESIVE
*ELASTIC, TYPE=ISO
1467.39,	 0.435
*DRUCKER PRAGER, SHEAR CRITERION = EXPONENT FORM
0.06, 2„ 18.43494882
*DRUCKER PRAGER HARDENING, TYPE=TENSION
23.38720444, 0
21.24323714, 0.003303458
24.49451338, 0.006639264
27.49169428, 0.015961163
33.07003354, 0.17397256
44.92673363, 0.469383236
*DRUCKER PRAGER HARDENING, TYPE=TENSION, RATE = 0.000412
24.6584036, 0
26.91420855, 0.003303458
28.99831405, 0.006639264
31.63813934, 0.015961163
38.19240527, 0.17397256
51.86651002, 0.464653902
*DRUCKER PRAGER HARDENING, TYPE = TENSION, RATE=0.004209
25.94156714, 0
32.63855453, 0.003303458
33.54450401, 0.006639264
35.82361028. 0.015961163
43.3629882, 0.17397256
58.80771511, 0.459923596
*DRUCKER PRAGER HARDENING, TYPE =TENSION, RATE=0.01
26.41939344. 0
34.77019479, 0.003303458
35.23742081, 0.006639264
37.38220202, 0.015961163
45.28841737, 0.17397256
61.37626704, 0.458173173
*DRUCKER PRAGER HARDENING, TYPE =TENSION, RATE=0.033033
27.07912819, 0
37.71335042, 0.003303458
37.57483099. 0.006639264
39.53414958. 0.015961163
47.94685736, 0.17397256
64.90832086, 0.455766142
*DRUCKER PRAGER HARDENING TYPE =TENSION, RATE=0.33033
28.35043704, 0
43.38481116. 0.003303458
42.07902029, 0.006639264
43.68095243, 0.015961163
53.06967108, 0.17397256
71.66806164. 0.4511595
**Step 1, Default Static Step
**LoadCase, Default
*STEP, INC=300
*STATIC, DIRECT
10, 485.4368932
This load case is the default load case that always appears
*NSET, NSET=DISPLACE
3,	 6,	 9,	 12,	 15,	 18,	 21,	 24,
27,
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** Displacement
*BOUNDARY, OP=NEW
DISPLACE, 1„	 0.4
** Fixed back face
*BOUNDARY, OP=NEW
1, 1„	 0.
4, 1„	 0.
7, 1„	 0.
7, 2„	 0.
7, 3„	 0.
10, 1„	 0.
13, 1„	 0.
16, 1„	 0.
22, 1„	 0.
25, 1„ 0.
** Fixed lower face
*BOUNDARY, OP=NEW
19, 1„	 0.
19, 2„	 0.
*CLOAD, OP=NEW
*DLOAD, OP=NEW
*TEMPERATURE, OP=NEW
*NODE PRINT, FREQ=1
U,
*NODE FILE, FREQ=1
U,
*EL PRINT, POS=INTEG, FREQ=1
S,
E,
*EL FILE, POS=INTEG, FREQ=1
S,
E,
*EL PRINT, POS=NODES, FREQ=0
*EL FILE, POS=NODES, FREQ=0
*EL PRINT, POS=CENTR, FREQ=0
*EL FILE, POS=CENTR, FREQ=0
*EL PRINT, POS=AVERAGE, FREQ=0
*EL FILE, POS=AVERAGE, FREQ=0
*MODAL PRINT, FREQ=99999
*MODAL FILE, FREQ=99999
*ENERGY PRINT, FREQ=0
*ENERGY FILE, FREQ=0
*PRINT, FREQ=1
*END STEP
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ABAQUS input file for the bulk material FEA using the user-defined material model
*HEADING, SPARSE
ABAQUS job created on 29-Mar-00 at 15:01:20
*PREPRINT, MODEL= NO, HISTORY= NO, ECHO=NO
*NODE
1, 0., 0.
2, 0.5, 0.
3, 1., 0.
4, 1.5, 0.
5, 2., 0.
6, 0., 0.5
7, 1., 0.5
8, 2., 0.5
9, 0., 1.
10, 0.5, 1.
11, 1., 1.
12, 1.5, 1.
13, 2., 1.
14, o., 1.5
15, 1., 1.5
16, 2., 1.5
17, 0., 2.
18, 0.5, 2.
19, 1., 2.
20, 1.5, 2.
21, 2., 2.
*ELEMENT, TYPE = CPS8, ELSET=ADHESIVE
1,
10,
2,
12,
3,
18,
4,
20,
1,
6
3,
7
9,
14
11,
15
3,
5,
11,
13,
11,
13,
19,
21,
9,
11,
17,
19,
2,
4,
10,
12,
7,
8,
15,
16,
**Adhesive
*SOLID SECTION, ELSET =ADHESIVE, MATERIAL=LMD1142
1
**LMD1142
*MATERIAL, NAME=LMD1142
*ELASTIC, TYPE=ISO
1467.39,	 0.35
*CREEP, LAW=USER
*USER DEFINED FIELD
*USER SUBROUTINES, INPUT=creepv3.f
*USER SUBROUTINES, INPUT=usdfldv1.f
**Step 1, Default Static Step
**LoadCase, Default
*STEP, AMPLITUDE =STEP, INC=1000
*VISCO, CETOL=0.001, EXPLICIT
10, 485.4368932
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*NSET, NSET= NALL, GENERATE
1,21
*NSET, NSET=DISP
5, 8, 13, 16, 21
*FIELD, VARIABLE=1
NALL, 0
*FIELD, VARIABLE=2
NALL, 0
*FIELD, VARIABLE=3
NALL 0
*BOUNDARY
1, 1„	 0.
6, 1„	 0.
14, 1„	 0.
17, 1„	 0.
9, 1„	 0.
9, 2„	 0.
*BOUNDARY
DISP, 1„ 0.4
*NODE PRINT, FREQ=1
U,
*NODE FILE, FREQ=1
U,
*EL PRINT, POS=NODES, FREQ=1
S,
E,
CE,
*EL FILE, POS=NODES, FREQ=1
S,
E,
CE,
*PRINT, FREQ=1
*END STEP
Subroutine: Creepv3.f
subroutine creep (decra,deswa,statev,serd,eco,eswo,p,qtild,
1temp,dtemp,predef,dpred,time,dtime,cmname,leximp,lend,
2coords, nstatv, noel,npt,layer,kspt,kstep,kinc)
include 'ABA_PARAM.INC'
character*8 cmname
real eeq
dimension decra(5),deswa(5),statev(*),predef(*),dpred(*),
1time(2),coords(*)
a1=27.
xk1=60.
a2=3e-5
xk2=0.36
xp=0.18
b1=38.
b2=25.
eeq=sqrt((213.)*(predef(1)"2+predef(2)**2+predef(3)**2))
if(eeq.LE.0.2) then
so=qtild-(a1lanh(xkl*eeq))-(b1*eeq)-(xp*p)-xp*qtild/3
else
so=qtild-(a1lanh(xkl*eeq))-(b1*eeq)+(b1-b2)*(eeq-0.2)-(xp*p)-
1 xp*qtild/3
endif
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decra(1)=a2*so*(exp(xk2*so))*dtime
if (noel.eq.1.and.npt.eq.1) then
print*,'predef,eeq,qtild,so are:',(predef(i),i=1,3),eeq,qtild,so
print*, 'decra, p =', decra(1),p
endif
return
end
Subroutine: usdfldvl .f
subroutine usdfld(field,statev,pnewdt,direct,t,celent,
1 time,dtime,cmname,orname,nfield,nstatv,noel,npt,layer,
2 kspt,kstep,kinc,ndi,nshr)
include 'ABA_PARAM.INC'
character-8 cmname,orname
character-8 flgray(15)
dimension field(nfield),statev(nstatv),direct(3,3),
1 t(3,3),time(2)
dimension array(15),jarray(15)
call getvrrnCEP',array,jarray,flgray,jrcd)
do 1 i=1,3
field(i)=array(i)
1 continue
if (noel.eq.65.and.npt.eq.1) then
print*,'array()(array(i),1=1,3)
endif
return
end
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